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Abstract

A broad review of the physics of point defects, i.e., electrically
active and neutral impurities and impurity complexes is given. Basic
material science which is crucial for understanding the physics is sum-
marized in an introductory section. It is followed by the detailed descripw
tion of the novel measurement techniques--Photothermal Ionization Spectros-
copy, High-Q Electron Paramagnetic Resonance and Deep Level Spectroscopy.
These spectroscopic technigues have had a profound impact on the investi-
gations of ultra-pure germanium. The major part of this work deals with the
physics of point defects in ultra-pure german%um@. The high purity of this
semiconductor allows the undisturbed observation of highly excited bound
states of shallow donors and acceptors. Many new previously unknown accep-
tor and donor centers have been discovered in ultra-pure germanium., The
nature of several of these centers can be understood in terms of a complex
consisting of two impurities--a light interstitial atom (e.g. hydrogen or
Tithium) tunneling between four identical real space positions in the vicin-
ity of a substitutional impurity (e.g. carbon, silicon, oxygen or copper),
or a defect (e.g. divacancy). The motion of the tunneling impurity is shown
to influence the electronic structure,of the complex leading to a symmetry
of higher order than tetrahedral. Experimental results are presented which
are fully consistent with the tunneling model. Besides the review of recent-
1y published results, new findings on the solubility of substitutional copper
in ultra-pure crystals grown under a variety of conditions and on the two
donors Tithium D(Li) and Tithium-oxygen D(Li,0) are presented.

RE
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Physics of Ultra-Pure Germanium®
Eugene E. Haller, William L. Hansen and Frederick S. Goulding
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720 U.S.A.

1. Introduction

The development of Tlarge, ultra-pure germanium single crystals has greatly
stimulated interest in the physics of germanium in recent years. This pure
semiconductor, probably the purest substance produced by man, has resulted in
the development of various novel analytical techniques. It has led to the
discovery and understandingbof many new impurity complexes [1], has given an
opportunityvto test the limits 0? validity of solid state theories [2] and has
helped in the exploration of a new state of matter, the electron-hole liquid
[3]. It is interesting to recognize that the incentive for the development of
ultra-pure germanium was not generated by physics or material science but
originated directly from the need to understand the basic mechanisms involved
in nuclear radiation detectors so as to improve their performance and the
reliability of the fabrication process [4]. Such detectors are, compared with
typical semiconductor devices, gigantic diode structures with depletion layers
up to several centimeters thick and areas of many sguare centimeters. To
obtain such thick depletion Tayers and collect all the ionization generated in

the layers at a reverse bias of a few thousand volts, a semiconductor is

"This work is supported by the Office of Health and Environmental Research
of the Department of Energy under Contract W-7405-ENG-48.
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reguired with a net concentration of shallow centers (i.e., the difference
between the donor and acceptor concentration) of around lOlgchB and
with a very Tow concentration of deep levels. Therefore, an electrically
active net-impurity concentration of no more than 1 atom ?ﬂ 4 x 1012
germanium atoms 1s essential. Fortunately, in the early days of semicon-
ductor nuclear radiation detectors, a compensation technique was developed
which made use of the drifting of interstitial lithium donors in an electric
field. The donors compensate the acceptors in gallium-doped germanium [57.
The process, called "lithium drifting", is self-regulating insofar that local
over- or under-compensation leads to electiric field gradients that rapidly
correct the compensation imbalance. Applying reverse bias to the junction
formed by a lithium (ﬂ+)mep€d region and the gallium (p)-doped base region
causes a steady widening of the compensated region as the lithium ions drift
in the electric field. The drift process is sensitive to oxygen interfer-
ence and, in germanium, the compensation is not stable at room temperature
when the reverse bias is removed.

The deficiencies in these detectors led to a search for ways to produce
ultra-pure germanium. A feasibility study was presented in 1966 by R. N,
Hall [6]. By 1970 the first crystals with net-impurity concentrations be-

10 and 1Dlicm“3 were grown [7]. While a number of laboratories

tween 10
have now successfully produced such crystals [87], the high costs and diffi-
cult technology have resulted in very few sources of the material. It is
interesting to observe that, from a wealth of potential ways to purify ger-
manium and to grow ultra-pure crystals, only one set of technigues has prov-

en successful in the various laboratories.



-3~

The processes of purification and crystal growth strongly influence the
kinds and concentrations of impurities and of residual point and line de-
fects. Therefore, a rather detailed review of the basic elements of these
material processes will be given as background for the explanation of the
newly discovered impurity complexes discussed later in this chapter. These
processes will therefore be the subject of the next section.

The development of ultra-pure germanium has largely been predicated on
the introduction of new analytical technigues mainly of a spectroscopic
character. These techniques are particularly important for measurements on
ultra-pure semiconductors (sections 3.2.-3.4.) and since they are not in
wide use, we will describe them in greater detail than we do the classical

techniques.

2. Purification and Crystal Growth

2.1, Purification

We will discuss here only the steps required to decrease the impurity

concentration in the purest, commercially available, polycrystalline german-

10_ -3

jum down to the 10 “cm ~ concentration range. Analysis shows that

commercially produced "intrinsic germanium", which is used as starting
material, normally contains phosphorus, boron and aluminum at levels of
1012 to 1013cma33 Beyond these impurities which produce shallow

levels [9], no other electrically-active impurities are found in significant
concentrations. We have not investigated the neutral impurities (e.qg.

silicon, oxygen and hydrogen) in starting materials since their concentration
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in the final crystals is determined by the crystal growing technique used to
grow ultra-pure germanium crystals (see Section 2.2).

The principle of solid-Tiquid impurity segregation [10] can be used to
accomplish a reduction of impurity concentrations by two to three orders of
magnitude, Every impurity.gpecées establishes a well éefiﬁ@d ratio of
concentrations in liguid (C?) and solid (Cg) germanium if the two phases
are in contact in equilibrium. This ratio is called segregation coefficient

K where:

K = C./C, (2.1)

The interface equilibrium s reached via diffusion and the segregation
is therefore disturbed by any finite crystal growth velocity and consequent
freezing of liquid germanium. In this case an effective segregation coeffi-
cient, closer to Uﬁity9 is observed.

Zone purification and multiple crystal growth [11] have both been common-
fy used to purify germanium. The first of these methods is based on passing
a narrow liguid zone of germanium slowly through a long bar of polycrystal~
Tine or single-crystal germanium held in a container called a "boat”. A
zone is melted at one end of the bar by heating by means of a localized
radio frequency field; the molten zone is then moved through the bar to the
other end and the process is repeated several times “collecting” impurities
by segregation. In princip?ea the smaller the segregation coefficient is,
the easier it is to remove an impurity. The second method, multiple
Czochralski crystal growth, uses the fact that impurities with segration
coefficients less than unity accumulate in the me?t.duriﬂg crystal growth,

concentrating the impurities in the "tail" end of the crystal. Subsequent
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crystals are then grown from the pure "seed" ends of the previous generations
thereby achieving purification. Theoretically both methods can produce crys-
tals of any desired purity. However, interactions between the germanium, the
container and the ambient atmosphere in the refiner/crystal puller interfere
drastically with the purification process at concentration levels between
1010 and 1011cm“3° In the case of graphite containers the interaction
consists of transfer of residua?fimpurities from the graphite into the liquid
germanium. The purest graphite available is found to contaminate germanium
with phosphorous (a shallow donor) and boron (a shallow acceptor) at concen-

trations >103’1cm°’3°

The most suitable container material, synthetic

quartz [12], contaminates germanium with phosphorus (<2x1010cm“3) and

leads to the formation of ternary or higher order compounds involving sili-
con, oxygen and é1uminuma Such compounds do not exhibit effective segre-
gation [13] and they appear to partially dissociate in the solid germanium
releasing electrically active aluminum [13] (a shallow acceptor). Effective
purification in guartz demands that aluminum be removed before the germanium
melt contacts the quartz or alternatively that methods be devised to preci-
pitate the aluminum-containing compounds. For example, a possible method is
to first purify in a graphite container to remove aluminum and then in quartz
to remove boron and phosphorus. Other solutions are still being investi-
gated,

The atmosphere surrounding the melt also has a strong influence on
purification, not as a source of impurities, but as a medium controlling the
thermochemistry of impurities in the liquid germanium. Gas mixtures can be
used which can range from pure, palladium-diffused hydrogen which is strongly
reducing, through inert gases (e.g. noble gases) to strongly oxidizing mix-

tures containing water or oxygen. The composition of the atmosphere controls
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the equilibrium between impurity complexes and their dissociation products.,
The situation has been discussed therm&chem%ca??y f@r‘compounds in Tiquid
germanium [14]. The general results of this investigation indicate that
reducing atmospheres are more suitable for purification by the liquid-solid
segregation process. The situation is actually more complicated than is
indicated by these general comments. High vacuum, at first sight very
"pure", is not a suitable ambient. This is probably because the mean free
paths of atoms or molecules (which can contaminate the germanium) become
very long and the liquid germanium behaves as a powerful getter. A reducing

gas "blanket" is in general preferred for this reason.

2.2. Crystal Growth

Much of the discussion of the previous section concerning container
materials and ambient atmospheré is also relevant for the crystal growth
process. In addition, the isotherms in the crystal puller must be shaped so
that a monocrystal of the desired size and crystalline perfection can be
pulled. This may dictate compromises which produce detrimental conditions
for the purity control. For example, materials used to shape the tempera-
ture distribution may be sources of impurities.

The ultra-pure germanium single crystals discussed here are grown by the
Czochralski method [15]. The crucible-free techniques, (e.g. float zoning)
are not suitable for large diameter germanium crystals because of the high
density and small surface tension of germanium.

Experience has shown that a pure hydrogen atmosphere in the crystal
puller leads to crystals which produce the best nuclear radiation detectors.

This strongly reducing atmosphere seems to prevent the formation of quartz
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precipitates in the crystals [16] which interfere with perfect charge collec-
tion. However, hydrogen is, because of its high thermal conductivity, an
inconvenient crystal-growth atmosphere from the point of view of temperature
distribution. Hydrogen is soluble in germanium [17] and is now known to form
complexes with various point defects (see sections 4.4). These complexes
are important for the electrical properties of germanium; for example, the
divacancy-hydrogen center (VZH) [18], has a single acceptor level at
EV + 0,072 eV, causing trapping of holes which degrades the performance of
nuclear radiation detectors. The concentration of vacancies, which controls
that of divacancies, can be kept small if dislocations are present at a con-
centration >100cmm26 On the other hand, the dislocation density should
not exceed 105cm“2 because dislocations also produce charge trapping.
The acceptable concentration range of dislocations is rather narrow in prac-
tice since dislocations multiply rapidly when the temperature distribution
in the crystal puller is not perfect.

The optimum container for the ultra-pure germanium melt is a synthetic
quartz crucible [12]. This crucible is chemically etched before each crys-
tal growth to avoid cross contamination from one crystal to the next. The
whole amount of molten germanium must be pulled as a single boule since the
guartz crucible will break if liquid germanium freezes in it.

The previous paragraphs indicate the fine process tuning required when
purifying and growing germanium single crystals suited for nuclear radiation
detectors. Of course, the process becomes considerably less critical when
certain parameters are not important and when the net impurity concentration

1Ocmm3° Some of the crystals discussed in later sec-

can reach »5 x 10
tions on impurity complexes were grown as experimental crystals under spec-

ial conditions.
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Before closing this section, let us analyze briefly an impurity profile
of a typical ultra-pure germanium crystal. Figure 1 shows the net-impurity
concentration }NA - ND} of a crystal grown under the standard conditions
discussed earlier (i.e. 1 atm. of pure hydrogen, synthetic quartz crucible).
The net impurity concentration, as determined by conductivity measurements

and Hall effect at 77K lies close to 3.5 x 1010cm“3

near the seed end of

the crystal. Photothermal Ionization Spectroscopy indicates that the major-
ity impurity is aluminum in the p-type section. The minority impurity is
phosphorus. A Tlarge fraction of the aluminum does not segregate because of
complex formation with silicon and oxygen from the crucible. Phosphorus, on
the other hand, segregates normally leading to a continuous increase in
donor concentration towards the tail end. At the point where 63% of the
melt was frozen, a chénge from p- to n-type is observed. In the lower
section of the crystal phosphorus is the majority impurity. The dashed and
dotted curves are the calculated concentration profiles of aluminum and
phosphorus. They add up to the measured profile (continuous line). Effect-
ive segregation coefficients for phosphorus and aluminum of 0.25 and 1.0
respectively lead to the best fit.

Deep Tevel impurities have not been detected in this crystal. This
general result is not suprising since such impurities exhibit very small
segregation coefficients and they also exhibit Tow solubilities compared
with elemental impurities of valency 3 and 5. Of the three major neutral
impurities-—hydrogen, silicon and oxygen--only oxygen can be measured with
good sensitivity and accuracy using the lithium precipitation technique [19].

13 -3

Such measurements indicate oxygen concentrations [0] = 5 to 10x10™“em

near the seed end of crystals grown in the manner described earlier. [0]
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increases towards the tail end, indicating either segregation or accumulation
for some reason. At the point where ~ 90% of the melt was frozen the value

14

of [0] =2 x 10 cm“3a An in-depth discussion of neutral impurities

will follow in section 4.3,

3. Analytical Methods

3.1 Traditional Techniques

The primary goal in the development of ultra-pure germanium is obviously
the reduction of electrically active centers, donors and acceptors. The net
concentration of such species can be measured with very high sensitivity
because the intrinsic conduction of the host crystal can always be reduced
by cooling to temperatures where the impurity conduction becomes dominant.
The analysis of neutral cente%s is much more difficult. This task is gener-
ally less crucial but it is assuming increasing importance because several
e]ectrica??y active centers have been discovered which consist of complexes
of "neutral" impurities and defects.

The aim of this section is to survey the traditional measurement tech-
niques and to present typical examples. Recently developed methods will be
discussed in more detail.

The easiest electrical property to measure is probably the gross conduct-
jvity of an ultra-pure germanium crystal. To obtain useful information the

crystal must be coa?ed'to the extrinsic conduction range.
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For net-impurity concentrations of 10" cm ™~ and Tow compensation, this
implies using temperatures T < 200K. Contacts play an important part in
precise conductivity measurements. They should be chmic; therefore a linear
V-1 dependence should be observed for both pclarities. A special complica-
tion occurs in producing ohmic contacts on ultra-pure germanium crystals
since they cannot be heated to temperatures above 300°C without the high
probability of contamination by fast diffusing impurities. Satisfactory
contacts can be formed at room temperature by using a liguid indium-gallium
eutectic for p-type and Tiquid indium-mercury eutectic for n-type crystals.
The extrinsic conductivity range and shallow level freeze-out region can be
explored with such contacts although the voltage-current linearity range is
Timited to small current densities (<1OOpAcm“2)e Samples are chemically
etched [247] on all surfaces before application of the eutectic. Our exper-
ience shows that such etched surfaces do not contribute any excess conduc-
tion when kept clean and dry.

Better contacts can be produced using processes that involve some heat-
ing. For exampie, implanting boron fons at an energy of 25--100 keV and to

14u1015cmm2

a dose of 10 followed by annealing for one hour at 250°C

leads to contacts which are ohmic on p-type crystals down to at least 1.2K
[17. Similarly, diffusion of lithium at 300°C for 10 to 30 minutes into the
surface of n-type crystals produces ohmic contacts. The disadvantage of
Tithium diffused contacts is the presence of lithium and Tithium-oxygen
donors to a few hundred microns depth in the crystal. These extra donors
interfere in all impurity spectroscopy methods. Phosphorus implantation at

14

energies of 25 keV and a dose of 107" - Z,C)mf:,rn“=2 followed by a two-

stage annealing cycle produces degenerately doped ﬂ+mC©ﬁtaCtS [20].
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However extreme care must be taken in surface preparation and the relatively
high temperature needed for perfect annealing {~ 300°C) makes this type of
contact difficult to prepare,

Conductivity measurements are well suited for guick, non-destructive
survey measurements. A whole crystal can be analyzed by applying current
contacts to the seed and tail ends and measuring voltages along the side
surface of the crystal. The crystal is immersed in liquid nitrogen and a
constant current is passed through it. Measurement of the voltage differ-
ences across adjacent suitably-spaced contacts leads to an axial conductiv-
ity "profile" which can be converted into a net-impurity profile if radial
concentration variations can be neglected and if it is assumed that the
mobility of the electrons or holes is known. Both conditions are usually
met in ultra-pure germanium crystals. The following equation relates con-

ductivity and net-impurity concentration ]NA - ND!:

o = ’NA=‘=NDlEL§ (Sel)
w = mobility (445000cm2 V“lsml at 77K for both electrons and holes).
e = charge on the electron (= 1.6 x 10“19As)9 The net-impurity profile in

Figure 1 was obtained from such conductivity measurements.

Hall effect measurements are slightly more complicated but also more
informative. The net-impurity concentration and the type of conduction (p
or n) can be obtained over a wide temperature range independent of the

mobitity:

__c vt
W= T~ N[ e™ 18

(3.2)
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RH is the Hall constant, aV is the Hall-voltage and B is the magnetic

field strength perpendicular to the current I. The crystal sample has width
t. The factor { depends on temperature, crystal type and crystal orienta-
tion, It {s always close to unity and has been experimentally determined
for n- and p-type crystals [21,22]. Since the geometric constraints can be
relaxed if the van der Pauw méagurement geometry is chosen [23], we have
used this geometry in our experiments. A typical example of a Hall effect
measurement over a wide temperature range is shown in Figure 2. Here, the
logarithm of the net-hole concentrations of two samples is plotted in func-
tion of the inverse absolute temperature. The dislocated sample (+) is
truly pure in the sense that no deep levels are present and the net shallow
level concentration is 2 x 101®cmm39 The three ranges of conduction are
very distinct. As the sample is cooled, at T = 180K, the intrinsic range
changes to extrinsic and at about 14K the Freéze«out region begins. The
dislocation-free sample (0) contains an additional deep acceptor. From the
temperature where 50% of the deep levels are frozen out and from the slope
of the freeze-out, the position of this deep acceptor Jevel is found to be
Ev + 72 meV, This acceptor has been extensively studied and is believed

to be a divacancy-hydrogen complex [18] (see also section 4.4.4).

Since conductivity and Hall-effect measurements are based on electrical
and magnetic measurements, they are sensitive to the state of the surfaces,
contacts, sample geometry and homogeneity. In order to test the uniformity
of a single crystal, samples of a few cubic millimeters must be examined.
In general, one does not need smaller samples in any of the applications or
physics expériments involving ultra-pure germanium, The surfaces have little
effect if they have been polish-etched [24] and are kept extremely clean.

Contacts have been discussed before.
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The experimental errors in such measurements are composed of a series of
small errors which are difficult to analyze accurately. From cross checking
the results obtained with different methods, we guess that these purely elec-
trical measurements are accurate to between 5 and 10%. Consequently, all
physical entities derived from such measurements exhibit errors of such mag-
nitude, e.g., it is obvious that one cannot determine the nature of shallow
acceptors and donors from the carrier freeze-out at low temperature. The
ground state energies of the group III/V impurities leading to shallow
acceptors/donors lie too close together.

As mentioned at the beginning of this section, it is much more difficult
to investigate neutral impurities in ultra-pure germanium. The best known
neutral impurities are hydrogen, carbon, oxygen and silicon. Undoubtedly
there are other neutral impurities present in ultra-pure crystals. Their
effect must, however, be extremely subtle or their concentrations very small,
0f the four impurities mentioned, only oxygen can be analyzed down to concen-

trations around 1012

cm°3 because it can be incorporated into a complex

with Tithium to form a shallow donor D(Li,0) which can be measured electri-
cally. The lithium precipitation technique [19] is based on the super-
saturation of lithium in a sample and the subseguent precipitation of the
dissolved Tithium into lithium clusters and complexes. The supersaturation
is obtained by diffusing lithium into a crystal sample from an infinite
source (i.e., lithium evaporated onto the crystal) at a temperature T1
(typically approximately 400°C). Rapid cooling to a lower temperature TZ
(typically room temperature) creates supersaturation of Tithium. Because
Tithium is a shallow donor9 its concentration can be measured as a function

of time using a simple four-point probe conductivity measurement. The oxy-

gen concentration affects both the precipitation rate and the final donor
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concentration. A group of precipitation curves is presented in Figure 3.
A1l samples were saturated with Tithium at 425°C for 24 hrs. Curves (1) and
(2) were gbtééﬂed with samples from a cwysté? grown in a guartz crucible and

léim»B

a hydrogen atmosphere. The final donor concentration is ~ 1 x 10
which corresponds to the original oxygen concentration in the crystal
(finally bound in Li0 donors). A sample of a crystal grown from a graphite
crucible in a hydrogen atmosphere leads to curve (4). The precipitation
rate is much smaller and the end value of the donor concentration is

4,5 x 10136mw36 This value is very close to the intrinsic carrier con-
centration of germanium at room temperature (3.5.x 1013cm”3) and is,
therefore, only an upper limit for the original oxygen concentration. We
have allowed such samples to precipitate at 0°C and have obtained a smaller
donor concentration. Since the sensitivity limit of this method %5/§§t by
the intrinsic carrier concentration at the precipitation temperature, even
Tower temperatures can be used to reduce the oxygen detection limit but the
precipitation rate then becamgs very small. Curve (3) is a special case

where the crystal was grown from a melt contained in a quartz crucible and

, but

in a hydrogen atmosphere just as were the crystals of curves (1) and (2
1 3

)
pure silicon was added to the germanium melt producing [Si] = 9.3 x 10 7cm“
at the position in the crystal where the sample was taken. Obviously, the
Si?%é@ﬁ greatly affects the oxygen concentration. The crystal behaves simi-
larly to the one grown in a carbon crucible and it exhibits much Tower oxygen
concentration than those grown in guartz where no silicon doping was added.
This is an important result which will be discussed in section 4.4.2.

Of the three remaining known neutral impurities—-hydrogen, carbon and

silicon--the first one has been studied extensively [17] at temperatures close

to the melting point by time-resolved diffusion through thin-walled
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single-crystal germanium cylinders using a mass spectrometer for hydrogen
detection. Such diffusion studies cannot be used in an analytical way to
measure the hydrogen concentration present in germanium. However, the
results indicate that hydrogen is interstitially dissolved at high tempera-
tures and that it has.a maximum solubility of a few times 1014¢m“3 near
the melting point (935°C). We assume that a large fraction of the hydrogen
is trapped in the crystal during the crystal growth process. We are not
aware of any method for measuring such small concentrations of hydrogen in
germanium single crystals. A large problem for any method is the water
absorbed on the surface of the germanium [25]. WNuclear reactions [26] have
been proposed as a technigue to analyze hydrogen in semiconductor crystals
but the sensitivity is limited to a few parts per million which is much too
insensitive for our purpose.

Non-gaseous impurities can be detected using Spark Source Mass Spectro-
metry (SSMS). Detection limits of several parts per billion (ppb i.e., 1 in

109

weight) are typical for elements with no matrix interference or high
instrument background. Silicon has been analyzed in this way down to COﬂCéﬂm
trations of 3.5 x 10%%em™3 (3ppb). SSMS measurements always show high
levels of sodium (10 to 40ppb) and potassium (5 to 10ppb) in our crystals
[27]. Since we have been unable to correlate any effects or complexes with
these impurities, we suspect that surface contamination of the sample when
used as the spark source falsifies the results. No other elements have been
detected in our normal germanium crystals using this method.

None of the described methods is sensitive enough to detect carbon in
germanium. Metallurgical studies indicate that carbon and germanium do not

form any compounds and are not miscible [28]. This information is not very

relevant for the concentration levels of interest here. Because there is
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strong evidence that carbon is involved in some acceptor complexes, we are

(léc} as a

in the process of designing an experiment using the radiocarbon
tracer. A slice of a crystal grown out of a pyrolytic graphite-coated

crucible containing 146 will be used to fabricate a standard p-i-n nuclear
radiation detector [4]. This detector will register the beta decays of the

1@6 atoms with almost 100% efficiency. In a low background counting area,

we expect to be able to detect a carbon concentration as 10% as ~ 10166mm3
[767. Our current experiment could be developed into a method for detection
of any suspected impurity which has isotopes which are reasonably long lived.
Any semiconductor which can be made into a p-n diode with a Tow reverse leak-

age current could in principle be investigateda

3.2. Photothermal Ionization Spectroscopy

Photothermal Ionization Spectroscopy (PTIS), often now called Photoelec-
tric Spectroscopy in the Russian 1iterature, is based on a two-step ioniza-
tiOﬁ process discovered by Lifshitz and Nad [29]. They found sharp features
in photoconductivity measurements at photon energies below the threshold
energy of shallow levels in germanium. They attributed these sharp features
to optical transitions of a bound electron from the ground étate to one of the
excited states and subsequent excitation into the conduction band by the
absorption of lattice phonons. This interpretation was supported by the
temperature dependence of the intensity of the photoconductivity peaks [30]
and also by theoretical work [31]. The method has excellent sensitivity
because it is based ultimately on an electrical measurement. In addition, it

is a spectroscopic method, and the spectral information exhibits excellent

resolution allowing unigue identification of donors and acceptors in germanium.
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In Figure 4, the two-step process is schematically presggted for the
case of a donor. In order to fully appreciate how powerful this kind of
spectroscopy is, we have to go back to some basic features of shallow levels
in germanium. Such Ceﬂieré are often called "hydrogenic" [32] because an
electron (or hole) is bound in the Coulomb field of a singley-charged denor
(or acceptor) as in the case of a hydrogen atom. The theory of a locally-
fixed charge in a semiconductor, the impurity atom, binding an electron or a
hole is called effective mass theory (EMT) and was developed twenty-five
years ago [33]. Replacing the mass of the free electron with an appropri-
ately averaged effective mass rrfz and taking into account the dielectric
constant ¢ of the host Tattice, the classical equation for the hydrogen atom

gives a good estimate for the ground state energy:

Lo o.em ' 3.3)
n 2823%d (

e is the charge of the eieétwon and i is Planck's constant + 2. Using the
correct anisotropic mass tensor one obtains for the ground state energy of a
single valley donor Egg = 9.9 meV [32], a value more than one thousand

times smaller than the hydrogen ground state energy (13.6 eV). This theoret-
jcal value for the ground state is very close to experimentally determined

ground states of typical sha??éw donors in germanium,

Using the same constants, the Bohr radius r is given by the equation:
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The ground state has a Bohr radius of ~ 80A. This means that the bound
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electron or hole moves through a volume much larger than that occupied by
its parent impurity. The wave function of an excited state is shaped by the
host crystal and a Coulomb potential and is almost iﬂdépeﬁdéﬂt of the local
lattice distortions at t%e impurity core especially in the case of p-like
excited states. This is the main reason why the excited states are virtual-
ly identical for all the donors and for all acceptors, a fact well supported
by early infrared absorption measurements [347].

The large size of bound excited state wave functions leads to interfer-
ence between atoms at relatively small impurity concentrations (>1012cm“3)5
Ultra-pure germanium has the unigue advantage that such interference is al-
most non-existent. Using Photothermal Ionization Spectroscopy, one can take
full advantage of this situation. The sensitivity for detection of species
reaches concentrations as low as 107cm”3 (i.e. ~ 1 impurity in 1016 Ge atoms)
[35]. The bound excited states can develop completely undisturbed and exhibit
extremely narrow levels (<10 peV wide) in almost perfect crystals.

Fourier Transform Infrared Spectroscopy [36] is used with great advan-

tage at the long wavelength (a ~ 100um) and the resolution needed in PTIS

(aE<10 yeV). Figures 5A and 5B show the basic setup used to perform Photo-
thermal JTonization Spectroscopy using a Michelson Interferometer. In Figure 5A,
the interferometer is shown schematically. It consists of an IR-source (typically
a high-pressure mercury lamp or a Nernst glower), the mirrors Mp9 Mf and Mm

and the beam splitter BS (mylar). The IR-radiation is modulated by moving the
mirror Mm either in steps (sampling the interfer- ogram) or continuously. The
Tight is collected by a funnel into a polished brass pipe which guides the
IR-radiation through a mechanical chopper Ch to the sample (#6 in Figure 5B). In

our case, this is a cube of ultra-pure germanium (~ 7mm on the side) which is
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Tightly pressed with a spring (#8) against a base plate containing a
temperature sensor (#7) inside a brass cavity (#5). Cooling is provided via
a copper coldfinger (#3) immersed in liguid helium (#2) inside an all-glass
dewar (#1). Heating to temperature T > 4.2K is achieved by passing current
through a resistor (#4). More detailed descriptions of Fourier Transform
Spectroscopy in general and its specific application in PTIS can be found in
the literature [36]. -

A typical interferogram obtained with a pure germanium sample containing
mainly the residual impurity aluminum is shown in Figure 6. The ‘beat’
character of the amplitude of the sinusodial interferogram indicates mixing
of two strong lines in the spectrum. Figure 7 shows the Cosine Fourier
Transform of the interferogram. Besides the dominant C and D lines [34] of
the shallow acceptor aluminum there are many weaker Tlines present. They are
due to higher bound excited states of aluminum and to the shallow acceptors
boron and gallium,

The basic PTIS method reveals only centers which produce a free charge
carrier when they change their charge state through the absorption of a
photon and a phonon. It is therefore restricted to levels in the lower half
of the band-gap for p-type crystals and to levels in the upper half of the
bandgap for n-type crystals. This restriction can be removed by shining
band-edge light (hv = Egap) onto the crystal [37]. Depending on various
factors, a substantial population of neutral minority centers is thereby
created. These centers generate free minority carriers when they absorb a
photon and a phonon of appropriate energies producing a change in the con-
ductivity of the sample. In ultra-pure germanium, the conductivity decreas-

es when minority carriers are produced leading to negative peaks in the
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spectra. A possible explanation is that generation of minority carriers
leads to recombination of majority and minority carriers, reducing the
dominant conductivity by hole conduction. That this explanation is not
complete is indicated by the fact that experiments with pure silicon have
shown spectra with all positive Tines [1]. Figure 8 shows the spectrum
obtained with the same sample as used to obtain the spectrum in Figure 7 but
with band-edge light illumination. In addition to the accep{or Tines the
hydrogenic set of lines be1oﬁgﬁng.to phosphorus is now present.

PTIS is very‘sensitive and exhibits excellent energy resolution for
shallow levels. The sensitivity decreases rapidly with increasing ground
state energy due mainly to the rapid decrease of the absorption cross-
section and the broadening of the ground state with the increasing depth of
the level. The deepest center which has been investigated successfully in
germanium (using PTIS) is the acceptor level created by substitutional

copper at E, + 43 meV [38]. Excellent sensitivity and high resolution

v
have made PTIS the preferred technique for many investigations including
impurity analysis [1,39,40, 41,427, uniaxial stress studies [43,44,45,46],
impurities in a magnetic field [47] and the temperature dependence of the
intensity of PTIS lines [48]. Because we will rely very strongly on PTIS
results in later sections, we would Tike to conclude this section by
pointing out that "hydrogenic" relates only to the excited state spectrum of

a neutral acceptor or donor. It does not refer to the composition of any

impurity complex, many of which do contain hydfogeﬁ:

3.3 Deep Level Transient Speciroscopy

Deep Level Transient Spectroscopy (DLTS) has been used recently in many

semiconductor studies and excellent reviews of the method have appeared [49].
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Its application to study deep levels in thick diodes made from ultra-pure
germanium is obvious and in principle, rather simple [50]. The reverse bias
applied to a partia?iy depleted diode is repetitively reduced by a square
pulse to a lower value. During the application of the pulse the depletion
layer width decreases and the capacity increases accordingly. If deep maj-
ority levels are present they can be neutralized in the temporarily unde-
pleted section of the diode. After the bias has returned to its pre-pulse
value these deep levels release their charge with a characteristic time
constant 7 :

T = cT% exp (= AE/KT) (3.5)
AE is the energy difference between the nearest bandedge and the deep level
(meV), T is the absolute temperature (K) and k is the Boltzmann constant

(= 0.0863 meV k™1

). The constant C is composed of the capture cross sec-
tion of the deep level, the thermal velocity of the free majority carriers
and the concentration of the latter. The depletion layer width will be
larger directly after the reapplication of the full bias because the deep
levels have been neutralized. The capacity of the diode will be correspond-
ingly smaller than the pre-pulse value and will return with the character-
istic time constant T of the deep levels to the guiescent value. Where
multiple deep levels are present the decay time constants will mix togeth-
er. However, it is most convenient to select to measure the amplitude of a
single time constant-component at one time and to scan the temperature of
the sample. Each level will then release its charge at its own particular
temperature. One way to select a certain time constant is shown in Figure
9. The capacity of the partially depleted diode is measured with a one

megahertz bridge (Capacitance DLTS). The bias is applied through one leg,

the pulse temporarily reducing the bias through the other leg of the bridge.
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A Miller corwé?ator [51] with appropriate base line restoring and switching
transient suppressing circuits multiplies the capacitive transient signal
with an internally created exponentially decaying voltage. The output of
the correlator is a maximum when the two time constants are identical.
Various other schemes using a boxcar integrator [52] or a lock-in amplifier
[537] have been successfully applied to this problem. The temperature of the
diode is slowly changed between 10 and 300K using a closed cycle helium
refrigerator. The spectra in Figures 10 and 11 are typical result obtained
with ultra-pure germanium diodes. The crystal used for the spectrum in
Figure 10 was grown in a hydrogen atmosphere and contained copper which was
introduced on purpose using thermal diffusion from the surface into a crys-
tal slice. The yarious deep levels are due to the multiple acceptor level
pfoduced by substitutional copper and to several copper-hydrogen complexes
(Sée sections 4.4.5). The diodes used for nuclear radiation detection ex-
hibit large surfaces which are not covered by contacts. Surface states on
these surfaces can cause capacitive transients and appear in the DLT spec-
trum. Figure 11 shows spectra of the same diode with three different sur-
%ace conditions.

The time constant associated with the series resistance of the undeplet-
ed region and the depletion layer capacitance limits the capabilities of
this technique to observe fast transients. The purer the germanium and the
thicker the diode, the longer this built-in time constant becomes for a
given depletion depth. It is often necesssary to either use a capacitance
bridge with lower fredueﬂcy or to fabricate sample diodes specifically

suited for capacitance DLTS.
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3.4 High-GQ Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) has been used extensively for the
study of donors in germanium [547, A small crystal sample is inserted in a
microwave vesonance cavity. Donor electrons absorb microwave power when
they are precessing in an external magnetic field in resonance with the
microwave frequency. The power absorption or more commonly its derivative
is observed by measuring the amplitude of the microwaves reflected back from
the cavity. The hyperfine interaction between the donor electron spin and
the nuclear spin of the donor impurity produces multiple resonances. In
general, the spin Hamiltonians of group V donor nuclei are isotropic leading
to EPR spectra which are crystal-orientation independent. The 1ithium-
oxygen donor D(Li,0) is an exception and will be described in section 4.4.3.
The sensitivity of EPR can be increased substantially if ultra-pure germanium
is used as a low loss (high Q) dielectric cavity. The high dielectric con-
stant (EGe = 16) increases the energy density and the small concentration
of impurities leads to very small losses. Q-factors close to 106 have
been observed [43]. Figure 12 shows a typical resonance mode of an ultra-
pure germanium cylinder inside a TE 011 cavity as shown in Figure 13. The
particular mode is completely insensitive to fhe position of the tunihg
plunger and to mechanical vibrations. As little as 1911 shallow donors
have been observed with a signal to noise ratio greater than unity at an
integrating time coﬂétant of 1 second. This sensitivity extends the EPR
technique toward the range of impurity concentrations typical for u?t%am

pure germanium.
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4, Point and Line Defects

4.1 Elemental Impurities of the Third and Fifth Group

The elemental impurities of the third and fifth group of the
periodic table are probably the most thoroughly studied point defects.
Their technical importance in the development of the transistor and other
electronic devices led to the accumulation of a vast amount of experimental
and theoretical knowledge of most aspects of these impurities. Despite
this, the advent of high purity germanium has provided a tool to study pre-
viously unobserved properties. As pointed out in section 3.2, the shallow-
level impurities are described accurately with the hydrogenic model [33] and
the wave functions of the highly excited states reach so far into the crystal
that overlap of these states occurs at impurity concentrations as low as
~ lolzcm”3e Ultra-pure germanium is unigue in permitting observation of
the undisturbed, hydrogenic bound states up to high quantum numbers. An
example of PTIS of a germanium sample containing mostly aluminum as an impur-
ity is shown in Figure 7.

The experimental results observed in this work have stimulated extensive
theoretical treatment of hydrogenic excited states of shallow levels in
germanium and silicon [2]. The level assignments of the acceptor states in
Table 1 are taken from recent theoretical work by Baldereschi and Lipari.

The energy differences between equivalent excited states are identical for

different acceptors and donors. This shows that the influence of the impur-

ity core on the p-like bound excited states is negligible.
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An uncertainty exists in the accurate determination of the ground state
energy of shallow acceptors. The very early infrared absorption studies of
Jones and Fisﬁer [347] indicated that an energy of 2.53 meV has to be added
to the energy of the D-transition (f8} in order to obtain the ground state
energy. This has recently been supported by studies of the dependence of
the intensities of lines on temperature in PTIS studies [47,48]. Theoretical
calculations stand in contrast to this result [2] and they indicate that a
larger gap of 2.88 meV should exist between the top of the valence band and
the Tgmstatee Band tailing and overlap of very highly excited states may
explain the difference between theory and experiment,

The high resolution PTI spectra of elemental impurity levels obtained in
ultra-pure germanium are most important in the development of purification
technigques and c¢rystal growth., The identification of the residual chemical
impurities is unambiguous and using the ratio of corresponding lines and the
net-concentration obtained by Hall effect measurements, it is possible to
determine both the concentration and identity of the impurity. Table 1 con-
tains transition energies and the éround state energy of several elemental
acceptors which have been studied wfth Photothermal Ionization Spectroscopy

in ultra-pure germanium crystals.

4.2 Deep Impurities

Impurities producing deep levels, or simply deep impurities, are not

as well known and understood as shallow impurities, either experimentally or
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theoretically. Since nearly all electronic devices* demand low concentra-
tions of deep traps, every effort‘has been made to remove, rather than
understand such impurities. Also, an accurate theoretical description of
deep impurities, depends on detailed knowledge of the impurity core--the
region close to the impurity atom. Since this information is extremely
difficult to obtain, the theory of deep levels has received 1ittle attention
until recently [55].

Practical detector applications of ultra-pure germanium also demand the
lowest possible concentration of deep levels so every effort is made to
remove deep impurities. This task is relatively easy because of the low
solubility and small segregation coefficient of most deep impurities.
Despite this favorable situation for purification, several deep acceptors
have been studied in ultra-pure germanium.

For example, Photothermal Ionization spectra of neutral beryllium, a
double acceptor, have been reported [39]. The most striking feature is that
the bound excited state spectrum is perfectly hydrogenic, and is identical
to shallow acceptor spectra as shown in Figure 14. This observation indi-
cates the short range character of the lattice disturbance caused by the
substitutional bery?éium atom. The ground state energy derived from the
spectrum is Egs = £y + 24.42 meV (see Table 1). Figure 14 also shows

the PTI spectrum of neutral zinc, another double acceptor with a perfectly

Exceptions are devices which rely on short free-carrier lifetimes (e.g.,
switching diodes).
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hydrogenic spectrum which yields Egs = E, + 32.66 meV (see Table 1j.

v
Considerable theoretical interest exists in the spectra of singly-ionized
double acceptors. No such PTI spectra have been reported so far. Such
results could clarify the situation of the spectral C-line assignment. At
the present time it seems that this line is probably due to the transition
from the ground state to two bound excited states (1 r; and 3 Tg) which

are accidentally almost degenerate.

The third elemental deep impurity which we will discuss is copper. ‘Hall
and Racette have studied this impurity in doped and moderately pure german-
ium [56]. They determined the ratio of interstitial to substitutional
copper as a function of the type and concentration of the shallow impurity
background. On the basis of early ion-drift experiments in an electric
field at temperatures close to the melting point of germanium, it was con-
cluded that interstitial copper is a positive ion and should be a donor
[57]. No donor level in the bandgap has been experimentally observed and we
have found no indication of such a level in ultra-pure germanium. We con-
clude that interstitial copper is a deep donor with its energy level inside
the valence band. Substitutional copper has three acceptor levels in the
bandgap. If copper is present in sufficiently high concentrations
(“lOlzcm“B)g it can be observed with PTIS. The ground state energy of
neutral copper has been deduced from its hydrogenic spectrum. It is

E ¢ = E, + 42.88 meV (see Table 1). Also, from the analysis of DLT

g Y

spectra, one finds for the lowest level of copper, Egs = EV + 44 meV

(see Figure 10).
Using the commonly accepted degeneracy factor for single acceptors
g = 4, our Hall effect measurements of ultra-pure germanium samples contain-

ing copper, yield a value E + 44 meV. The excellent agreement

gs = Ey
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between these results indicates that the ground state of copper is of a
rather uncomplicated nature leading to the same value for optical, dynamic
and static thermal ionization measurements.. |

The second level of copper at ~ EV + 330 meV cannot be investigated by
PTIS. Large concentrations are necessary to obtain precise values for this
level with Hall effect measurements because it lies very close to the middle
of the bandgap. Only DLTS measurements have the sensitivity and energy
resolution needed to determine accurate values. A thermal emission rate
e = 6.1 x 108(K“2551)T2 exp(-0.310 eV/kT) has been reported [50].

Because copper is easily introduced in its interstitial form into a
germanium crystal at low temperature by accident we are interested in deter-
mining its solubility in ultra-pure germanium. The crystals used were grown
under various conditions and showed different concentrations of the disloca-
ticn etch pit density. The Cu solubility results obtained %ndicate that the
solubility (substitutional) is extremely sensitive to crystal parameters
such as dislocation density. This finding has never been reported in the
literature. Table 2 summarizes the crystal parameters and the concentration
of the Ev + 44 meV level in six different samples which were saturated at
QOQGC under an inert gas atmosphere with copper. Of course, all the
crystals studied were intrinsic at the Cu diffusion temperature. The sam-
ples were rapidly quenched and Hall effect measurements were made over the
range from room temperature to ~ 10K. Despite the preliminary nature of the
results reported in Table 2, we can conclude that the presence of hydrogen

increases the concentration of the substitutional copper species and that

oxygen seems to counteract the effect of hydrogen. The highest concentration
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of substitutional copper is found in hydrogen-grown, dislocation-free crys-
tals. Such crystals are known to contain vacancy and hydrogen-related com-
plexes {see 4.4.4) which seem to be a source of the vacancies that enhance
copper solubility. We have no explanation for the undetectably low copper
concentration in nitrogen-grown, dislocation-free crystals; despite several

attempts, we have never observed the EV + 44 meV level in these crystals.

4.3  Neutral Impurities

Little attention has been given to neutral impurities in semiconduc-
tors. This is natural since neutral impurities do not directly affect the
properties that are important in electronic devices. Interest is now grow-
ing because hydrogen has been found to play a very important role in the
physics of amorphous silicon. This work pcsfdates by several years that on
ultra-pure germanium where hydrogen had been found to influence the acceptor
and donor concentrations. More recent work has shown that a large family of
electrically active complexes containing hydrogen together with other impur-
ities and point defects exist. They will be discussed in a separate section
(4.4.,1--4.4.5), Here we will discuss a few neutral elemental impurities
which are known to exist in ultra-pure germanium.

Hydrogen is found in almost all metals and semiconductors because of its
small atomic size. The most complete study of hydrogen in germanium is that
of Frank and Thomas [17]. They carried out time resolved permeation studies
which yielded the diffusion coefficient D and the solubility S of hydrogen
between 800°C and 910°C:
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D=2.7 x 10"’3 exp(- mgi§%§M>} (cmzsgl) (4.1)
The solubility in hydrogen at 1 atmosphere is:
S=1.6 x 1024 exp(- §§§§£~) {cm “3) (4.2)

The solubility is proportional to the square root of the partial hydrogen
pressure p. At the melting point of germanium (935°C) the solid solubility
lies between 101QL and 1015cm“3 at 1 atmosphere of pressure. An accur-

ate va?ue is difficult to obtain and it is not clear if the hydrogen solubi-
lity is retro-grade as are the solubilities of many elemental impurities
[58]. We assume that a large fraction of the hydrogen dissolved near the
melting point is trapped in our crystals during growth leading to a hydrogen
supersaturation. Direct evidence for hydrogen precipitation is seen in
Figure 15. The chemically etched (100) surface of a partially dislocated
crystal is shown. The dislocated section exhibits etch pits only related to
dislocations. The dislocation-free section is covered with smooth shallow
pits which are present only in crystals grown in a hydrogen atmosphere and
always in these crystals. MWe conclude that these smooth pits are due to
hydrogen precipitates. In dislocated crystals or parts of crystals hydrogen
presumably precipitates at the dislocations and does not result in the
smooth etch pits. In our crystals the size and concentration of the
hydrogen-related smooth pits vary along the crystal growth axis. The pits
)

are larger and less abundant (<100 cm™™) near the seed end than near the

tail end (>1000 cm”z)e We assume that this is due to our particular
crystal puller in which the seed end cools more slowly than the tail end,
thereby permitting the out-diffusion of some hydrogen and also giving more

time for the formation of large precipitates.
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Extrapolation of equation (4.2) down to room temperature indicates
virtually zero hydrogen solubility. As we will show in the sections on
jmpurity complexes (4.4.1--4.4.5), hydrogen concentrations larger than
~.1012cm“3 must be present in our crystals grown in a hydrogen atmos-
phere. It is interesting to consider the form and location of hydrogen in
the Tattice. Several sites which hydrogen occupies have recently been
discovered. A1l these sites are interstitial and are near a substitutional
or interstitial impurity so they must be considered as complexes. Since
only those complexes that are electrically active can be investigated with
high sensitivity, neutral complexes must be present at high concentrations
in order to be directly observable. They are therefore not generally ob-
served. Molecular hydrogen has been suggested as a low temperature form of
hydrogen in semiconductors and recent measurements of the diffusion coef-
ficient of hydrogen at 400°C indicate mechanisms such as complexing, mole-
cule formation or trapping [59]. They yield a value more than two orders of
magnitude smaller than the value that is obtained by extrapolation from high
temperatures (Eg. 4.1).

From the careful analysis of hundreds of germanium crystals grown in a
hydrogen atmosphere, we conclude that any acceptor site or strain center has
the potential to attract and trap hydrogen. Details of the forces which
bind the hydrogen atoms to certain sites are not well understood. A sim-
plistic view which is consistent with most of the experimental observations
is that hydrogen donates its electron to electron-deficient sites thereby
leading to a higher degree of lattice perfection. The recent developments
regarding hydrogen in high-purity germanium are of great interest in impur-

ity physics and will bear on the work on hydrogenated amorphous silicon [60].
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Oxygen is another impurity which is electrically inactive in silicon and
germanium at low concentrations. An oxygen site which can be observed (at
moderately high concentrations) by IR-absorption is the bond-centered inter-
stitial position in which the oxygen atom is located somewhat off the direct
line between the two neighboring germanium atoms [61]. Other oxygen sites
that have been studied include, as in the case of hydrogen, aésociatian with
impurities and point defects. For example, the lithium-oxygen complex
produces a shallow donor level that will be discussed in section 4.4.3. The
formation of this complex is the key to the very sensitive lithium precipi-
tation technique which is discussed in section 3.1 [19].

Due to its tendency to bond to two neighboring germanium atoms, oxygen
diffuses much more slowly than typical interstitial impurities. It there-
fore behaves primarily as the stationary impurity in complex formation.
Knowledge of oxygen is still very incomplete and studies using ultra~pure
germanium should do much to elucidate details of oxygen behavior in semicon-
ductors.

| Silicon is another impurity of considerable interest in high-purity
germanium. In its substitutional position, a silicon atom replaces a ger-
manium atom almost perfectly. Both the local strain produced by its smaller
size and its greater affinity for oxygen have been found to be important in
ultra-pure germanium crystals. The strain results in complex formation with
hydrogen which leads to the shallow acceptor described in section 4.4.2. An
observable effect of the silicon strain field is the increased line width in
the photothermal ionization spectra of shallow impurities. The formation of
complexes influences zone purification as described in section 2.1. It has
been shown that additions of silicon to a germanium melt contained in a
quartz boat suppresses "free" oxygen (see Figure 3) thereby facilitating

normal segregation of aluminum [137.
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Carbon is assumed to have very similar effects as silicon. Carbon is
believed to form a shallow acceptor complex with hydrogen. So far no carbon
has been detected in germanium. We hope that we will soon learn more about

1

the solubility of carbon in germanium after our QC experiment has been

completed (see section 3.1. and Ref [76]).
4.4 Complexes

4.4.1 General Remarks. While the effects of complex formation are

almost impossible to observe directly in doped semiconductors, they become
amenable to study in high purity germanium crystals. For this reason, this
work has contributed much to the solid-state physical understanding of these
basic mechanisms.

A general pattern of complex formation has emerged; all the observed
complexes consist of a combination of an immobile component (often substitu-
tional in the lattice) and a mobile interstitial component. The mobile
1i§ht component is trapped in a potential well surrounding the fixed heavy
component and it tunnels between potential minima around the well. In this
model the motion of the atoms in real space has a pronounced effect on the
electronic structure of the ground state [45]. One of the important changes
is the symmetry of the electronic wave function of such complexes as com-
pared with substitutional elemental impurities. The mixing of the real
space positions of the thne1ing atom with the conduction band valleys (in
the case of donors) or the top of the valence band (in the case of
acceptors), leads to increased multiplicity of the ground-state manifold of

the complex centers. Depending on the splitting of the various components
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of the ground-state manifold, rather complicated absorption spectra consist-
ing of several hydrogenic sets of lines are obtained. The strengths of
corresponding lines in the various spectral sets indicate the relative
populations of the pawticuia% ground-state manifold components. These
populations would be expected to depend strongly on temperature and the
experimentally observed temperature dependence is a strong argument sup-
porting the validity of our model. More subtle effects caused by the
tunneling vary from one kind of a complex to another and they will be

discussed in the corresponding sections.

4.4.2 Hydrogen-Related Acceptors and Donors: A{(H,Si), A(H,C), D(H,0).

R. N. Hall [62] discovered that a shallow accepter level was created by
heating high-purity germanium crystals to 700K and rapidly quenching to room
temperature. Annealing to slightly above room temperature removes the accep-
tors and a shallow donor level appears. Isochronal annealing experiments
show that the donor totally disappears when the crystal is heated to 420K
and the sample appeared to be in its original state; in fact, the whole
process could be repeated. Typical isochronal annealing curves for this
case are shown in Figure 16A. These were measured on a sample cut from the
tail end of a high~purity germanium crystal grown using the normal process
discussed earlier {guartz crucible, hydrogen atmosphere). Based on this
work, Hall proposed that the donor and acceptor levels were related and were
due to a defect site containing oxygen.

Since then it has become evideht that only germanium crystals grown in a
hydrogen atmosphere from a melt contained in quartz show the so called "fast®

acceptors and donors, and therefore, it was proposed that hydrogen was
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involved in the formation of these centers. This was subsequently p
the PTIS measurement (see Figure 17) of an isotope shift in the groun
of the "fast" acceptor as well as the "fast" donor in crystals grown in a
deuterium atmosphere compared with those grown in a hydrogen atmosphere [63].
By growing crystals in a mixture of deuterium and hydrogen and performing the
PTIS measurements shown in Figure 18, we were able to establish that only a
single hydrogen atom is involved in the complex [64]. If two hydrogen atoms
were incorporated in a complex, three combinations would be possible: two
hydrogen atoms, one hydrogen and one deuterium atom or two deuterium atoms.
This would lead to three sets of hydrogenic lines. In fact, only two sets
of lines are observed corresponding to either hydrogen or deuterium atom in
the complex.

Experiments using silicon doping have revealed the importance of this
element in the formation of the "fast® centers [13]. In silicon-rich crys-
tals the conversion from the acceptor to the donor is suppressed as shown in
Figure 16B. The acceptor anneals out at about 350K. Such crystals also
exhibit very low concentration of free oxygen as determined by the lithium
precipitation technigue (see section 4.3 and Figure 3). These experimental
findings suggest the following interpretation. Since silicon-free crystals
such as those grown in graphite crucibles did not exhibit the "fast" accep-
tor, it is clear that silicon plays a crucial role in formation of this
acceptor. Crystals grown in guartz crucibles and silicon-doped crystals
show the acceptor. Therefore it is reasonable to conclude that the "fast"
acceptor consists of hydrogen and silicon, now identified by the nomen-
clature A(H,Si), also called Al and Aq in early papers [1]. The donor,
on the other hand, needs the presence of hydrogen as well as free oxygen.

It is therefore believed to be a hydrogen-oxygen complex D(H,0). Crystals



-36-
grown in graphite also exhibit a queﬁchmin acceptor similar to A(H,Si) which
we designate A(H,C), formerly called AS [17].

A further experimental result that is observed is the egtremeiy small
line widths of the hydrogen-related spectra. For example, it is very ob-
vious that the lines of the donor D(H,0) in Figure 17 are much narrower than
those of phosphorus, a substitutional donor. Uniaxial stress experiments
lead to the explanation for the narrow line widths observed. The lines of
D(H,0) as well as A(H,Si) and A(H,C) do not change their position under
small uniaxial stress in the [111] direction which means that the ground
states of these centers are stress independent. At very high stresses the
Tines of the acceptors split up Tike the corresponding excited states. This
stress dependence is totally different from the one exhibited by simple
substitutional acceptors [65] or donors [66] and the result shows that a
different éymmetry must exist in the two types.

In the case of normal shallow donors, the lower component of the ground-
state manifold is a singlet which departs from the conduction band minimum
guadratically under uniaxial compressional stress. In these cases, the
upper ground-state manifold component splits up into a doublet and a singlet
[66] and the stress dependence of the various components is shown in Figure
19. The stress behavior of the donor D(H,0) is totally different. The line
positions are stress independent up to a certain stress amplitude where they
suddenly reduce sharply in intensity and a new set of lines appears at lower
energies indicating a new, shallower ground state (see Figure 20 and Table
3). This sudden change in ground-state energy occurs for stress in any dir-
ection and has been explained in terms of a symmetry change of the ground-

state wave function from s-like (unstressed) to p-like (stressed) [46].
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In the case of an elemental substitutional acceptor, a symmetric split
of the fourfold degenerate ground state occurs into two doublets (T5+69
f4> under uniaxial stress paraliel to <lils. This can be seen for the
aluminum acceptor spectrum in Figure 21. In contrast, the lines of the
complex acceptor A(H,C) do not shift under small uniaxial stress. As
stress is increased-all lines broaden due to the splitting of the excited
state. It is clear that the ground-state component of A(H,C) observed
indirectly in the hydrégenic spectrum in Figure 21 does not split under
stress and is therefore of different symmetry than that of elemental substi-
tutional impurities (I‘g)° The dynamic tunneling model for acceptors
[45] predicts a multiplicity of sixteen for the ground-state manifold.
Group-theoretical considerations lead to three quadruplets and two dQE?T
lets. The doublets belong to Tﬁ or T7 and do not split under stress.
Being Kramers doublets, they should split in a magnetic field--a further
possible test for the model which has not yet been explored. Depending on
the temperature of a sample and the energy difference between the two doub-
lets, a second set of hydrogenic lines can be observed due to transitions
from the upper doublet to the excited states. For A(H,Si) this energy
difference amounts to 1.07 meV (= 8.63 cmgl)s Between 5 and 10K, the
upper doublet state is occupied during an appreciable fraction of the time
according to a Boltzmann factor exp(aE/kT). The intensity ratio of lines
due to the upper doublet state to those due to the lower state follows
precisely the Boltzmann factor as shown in Figure 22, fully supporting this
model. Two typical spectra of A(H,S51) are shown in Figure 23. The
splitting between the doublets is an indirect measure of the tunneling

frequency of the hydrogen, yielding a rough estimate of a tunneling element

of 0.8 meV (= 1.9 x 10 1Hz).
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For the acceptor A(H,C), the energy difference between the two doublets
is 1.98 meV, which is so large that the line series belonging to the upper
doublet had not been observed before the dynamic tunneling model predicted
its existence. When measurements were carried out at a higher temperature
the upper doublet set was promptly found, as can be seen in Figure 24. As
in the case of A(H,Si), the ratios of the corresponding lines in the two
sets follow precisely a Boltzmann factor with AE = 1.98 meV.

These observations have resulted in perfect agreement beéweeﬂ theory and
experiment. It is of interest to explore the possibility of observing
features due to the three quadruplets. It is impossible to populate states
higher than about 2 meV above the lowest lying ground-state component by
continuously increasing the sample temperature since, with the very large
density of states near the band minimum, direct ionization from the ground
state into the valence band quickly becomes dominant resulting in a rapid
decrease in the number of neutral acceptors and with this, a decrease in the
photothermal s%gna]se Theory indicates that the energy differences between
the various quadruplets should be of the same order of magnitude as the
splitting between the degb1etse Because transitions between ground-state
components produced by the absorption of photons are forbidden, they cannot
produce absorption lines. Another pumping mechanism would have to be found
to populate the higher-lying quadruplets in order to make them observable.

The dynamic tunneling model is also applicable to other centers found in
germanium and silicon. It has been proposed that normal muonium, a positive
muon (u+) capturing an electron is trapped at substitutionally dissolved
carbon in germanium as well as in silicon, resulting in the acceptor A(Mu,C)
[67]. The subsequent increase in symmetry could explain the isotropic spin

Hamiltonian of normal muonium [68]. The acceptor nature, in analogy to the
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A(H,C) complex, would explain why normal muonium is observed in p-type but
not in n-type crystals. In n-type crystals all the acceptors stay ionized
at all temperatures. The ionized A(Mu,C)” has two electrons which cancel
their spins leading to a center with the pure muon spin. In other words,
the A(Mu,C)” signal cannot be differentiated from the u% signal. Exper-
iments carried out with crystals with and without carbon have results in
agreement with these models.

In conclusion, we would like to point out that there is no unanimous
proof that the dynamic tunneling model is the only one fitting the experi-
mental observations. However, so far it has been the only simple model
which has been successfully applied to several complexes and that fits all
the experimental findings: stress dependence, temperature dependence and
impurity correlation.

Table 4 contains the energies for the major transitions from the ground
state (1?5) to the bound excited states of the hydrogen-related centers
A(H,S1) and A(H,C) and for several still unknown centers. These unknown
aéceptors are most probably complexes involving electrically neutral impuri-
ties. The acceptors AB’ A4 and AS always and only appear in crystals
grown in a nitrogen atmosphere from a quartz crucible coated with pyro-
Iytic graphite. This correlation suggests complexes which contain nitrogen
andfor carbon. The acceptor A7 has so far not been correlated with any
parameter.

4.4.3 Lithium-Related Donors: D(Li) and D(Li,0). Lithium, disolved

interstitially, produces a shallow donor D(Li) which has been known for a
Jong time [69]. It has found wide practical use because 1ithium can be
diffused and drifted into germanium as well as silicon at conveniently low

temperatures (<500K). It can compensate acceptors in large volumes using
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the lithium-ion drift process [5]. Both 1ithium diffusion and drifting are
strongly influenced by the presence of oxygen because of the formation of
Li0 complexes which are almost immobile. Early IR-transmission experiments
showed that germanium samples containing lithium showed extra lines in the
hydrogenic line spectrums [70]. Photothermal Ionization Speciroscopy showed
that the extra lines exhibited extraordinarily small widths and that they
formed their own complete set of hydrogenic lines [43]. The sét Was as-
signed to a donor S (for sharp!) and it was speculated that it was due to
the Li0 complex [41,42]. Later work suggested that both spectra observed in
lithium-doped germanium belong to Li0, complexes [71].

We have now undertaken a careful study with a large number of ultra-pure

13@mm3) and high (>191@cm“3)

germanium crystals exhibiting low (<10
oxygen concentrations. The first important finding is that the sharp line
set S is insensitive to externally applied uniaxial stresses exactly as
described in the previous section for D(H,0). Careful examination of the
spectra revealed that two sets of very broad lines at lower energies were
aégcciated with the same donor. They converged into two sharp sets of lines
at higher stress. None of these lines belong to the simple Tithium donor as
can be seen from Figure 25. The upper spectrum was obtained with an oxygen-
rich crystal in which practically all the lithium atoms are attached to
oxygen atoms. In the lower half of the figure obtained from a sample with
much less oxygen, we observe an extra set of lines due to free lithium.
Looking at the unstressed spectra (Figure 26), the confusion in the inter-
pretation of early experiments is easy to understand. The D{Li) lines almost
coincide with the broad Tine sets of D(L1,0) and could not be resolved from
them in these experiments. These piezospectroscopy studies show that the

ground state of D(L1i,0) must be a complicated manifold and that the ground

state of D(Li) does not exhibit a measurable chemical split.
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Further experimental evidence was obtained from High Q Electron Paramag-
netic Resonance (see section 3.4). Cylinders of ultra-pure germanium doped
with D{Li,0) and with their axis parallel to [110] were mounted in a TEOLl
cavity of a 25 GHz heterodyne EPR spectrometer. The derivative of a typical
absorption signal with the géfie1d direction close to the [001] direction is
shown in Figure 27. A1l the lines are observed to move as the angle e
between gyand the fOOlj direction is changed. In Figure 28 the g values are
plotted in function of 6. The plot can be explained with single valley
donors aligned in the <111l» direction.

How can these data be interpreted? It was the Li0 donor study which
first suggested the dynamic tunneling model for a donor complex. Mixing of
the four real space positions along <111> together with the four conduction
band minima produces a 16-fold ground-state manifold [43]. The splitting at
zero stress and at high stress together with the observed line intensity
ratios seriously restrict the choice of the free parameters. The diagonali-
zation of the 16 x 16 ground-state matrix can be performed analytically and
the tunneling element t is found to be of the order of ~28ueV corresponding
to a tunneling frequency of 6.8 GHz. The single-valley electron nature of
the EPR spectra is explained by the fact that this is much smaller than the
EPR frequency so the electron appears to be located in one valley during a
typical resonance event. The changes in the ground-state manifold under
stress in the [111] direction is shown in Figure 29. The minute bend in the
lowest lying ground-state component leading to a shift of about 1 ueV cannot
be detected. The lines due to this state remain unchanged under stress
thereby explaining the exceptionally narrow hydrogenic line set. The two
broad 1ine sets are caused by two clusters of ground-state components which

are split and shifted by random minute stresses in the crystal superimposed
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on any external applied stress. As stated in the last section, there is no
absolute proof that the dynamic tunneling model is correct but it is certainly
very successful in explaining all the observed phenomena. The line positions
for the Li and Li0 donors are presented in Table 5. The very small ground-
state shift of D(Li) with the opposite sign of substitutional donors indicates

that there is virtually no valley-orbit splitting.

4.4.4 Divacany-Hydrogen Acceptior A(Vzﬂle During the discussion in

section 4.3 of hydrogen being one of the important neutral impurities, we used

Figure 15 to show that hydrogen precipitation takes place in dislocation-free

crystals. As illustrated in Figure 2, an acceptor at a level EV + 072 eV
is associated with dislocation-free material. The concentration of this
e

acceptor is found to directly depend on the annealing temperature. Incéeasing
the annealing temperature of a crystal sample leads rapidly to a new higher
concentration while reducing the temperature to a new lower value leads only
slowly to a new correspondingly lower concentration. This behavior is typical
of a dissociation-recombination process. The proposed reaction can .be des-

cribed in the following way:

regggbe
VoH + H e VoH, (4.3)
The VZH complex is assumed to be the observed acceptor while H and v2H2 are
neutral defect species. A quantitative model for the annealing kinetics has
been developed [18]. The symmetry and the microscopic structure of the VZH
center, however, are not yet understood. The center is just beyond the reach
of the high-resolution Photothermal lonization Spectroscopy so that neither

jsotope shifts nor stress experiments can be used to explore its composition

and symmetry.
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The steady state concentration of the divacancy-hydrogen acceptor is
plotted as a function of the inverse (annealing) temperature in Figure 30.
Heating small Ge samples beyond 400°C leads to an irreversible reduction in
the divacancy-hydrogen acceptor concentration presumably due to the dissoc-
iation of vZH and outdiffusion of hydrogen. The slope of the equilibrium
concentration curve in Figure 30 corresponds to an activation energy of
~0.7 eV. This value is composed of several physical quantities and cannot
therefore be readily used for further interpretation of the proposed model.

Results of radiation damage studies in germanium doped with group V
elements and lithium have been interpreted with divacancy-donor (vZD)
models [72]. There exists a clear tendency for the acceptor level assoc-
jated with such complexes to become shallower for lighter donor atoms. The
VZH compiex is about 30 meVY shallower than the VZLi complex——in agreem'
ment with the experimentally established trend. Recent radiation damage
experiments with dislocated, high-purity germanium crystals grown in a
hydrogen atmosphere further support the VZH model insofar as they have
shown that the acceptor level assigned to VZH can be created in such

crystals by irradiation with 1 MeV gamma rays [73].

4.4.5 Copper-Related Acceptors A(H,Li,Cu). The acceptor levels assoc-

jated with substitutional copper have been discussed in section 4.2. We
pointed out that copper is a very complicated case of an impurity because it
exists in two forms——interstitially and substitutionally. The large differ-
ences in solubility suggest that copper will be involved in many interac-
tions. Indeed, complex formations between copper and hydrogen and lithium
have been identified and there will certainly be further complexes consist-
ing of copper and other impurities and/or defects. For example, a clear

candidate would be a Cu0 complex.
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No fully quantitative studies of copper complex formation have been
carried out. A1l early experiments concentrated on analysis of the
composition and on energy levels. The complexity of the system means that a
full study of all parameters is not likely to be justified. The first pair
of hydrogenic sets of lines correlated with copper and hydrogen are shown in
the photothermal ionization spectrum in Figure 31. [74]. It is not clear
whether the two sets of lines belong to one acceptor with a split ground
state [in analogy to the A(H,Si) and A(H,C) acceptors] or indeed if two dif-
ferent acceptors are present. A simple uniaxial stress experiment could
answer this question. Hall effect measurements and deep level transient
spectroscopy on identical samples showed that there are at least two deep
acceptor levels associated with copper-hydrogen complexes. Figure 32 shows
Hall results on such a sample. The levels due to complexes at EV + 80 meV
and EV + 175 meV are all found in the DLT spectrum in Figure 10.

By diffusing 1ithium into copper-containing samples, further acceptors
can be created which are associated with copper-1ithium complexes [74].
Figure 33 shows the PTI spectrum of all known semi-shallow, copper- and
lithium-related levels. The spectra are perfectly hydrogenic as can be seen
from the comparison with the Al spectrum, Ha11 effect measurements of a
copper and lithium-containing sample are shown in Figure 34. Deep levels
different from the copper- and hydrogen-containing samples appear at
B, * 100 meV and E

Vv Vv
Some clear trends become evident in other copper-related complexes which

+ 270 meV.

have been seen. The hydrogen-containing complexes produce shallower energy
levels than the lithium-containing complexes which in turn are shallower
than the energy levels of the bare substitutional copper. These trends can
be understood from a slightly simplistic but nevertheless attractive point

of view which sees hydrogen and lithium as interstitial impurities which can
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donate their electron tp electron-deficient sites (acceptors) thereby reduc-
ing the mismatch between the host lattice and the point defect. Hydrogen
acts in this sense almost like a donor in forming pairs with acceptors. As
a very deep donor, hydrogen can be present in the crystal at large concentra-
tions without influencing electrical measurements; on the other hand lith-
ium, as a shallow donor, changes the electrical properties of the crystal

very much.

4.5 Dislocations

Dislocations have played an important role both in the development and
in many of the applications of ultra-pure germanium single crystals. Dislo-
cations can act as nucleation centers for excess hydrogen or sinks for
vacancies; conversely, the total absence of dislocations leads to precipi-
tates in hydrogen-atmosphere-grown crystals (see Figure 15) and to the
formation of the divacancy-hydrogen complex (see section 4.4.4). Both these
centers are detrimental to perfect charge collection over large distances
(cm), a prerequisite for high quality nuclear radiation detectors. For such
applications, a dislocation density in the range of ~100 to J,O()Oc:m"""Z is
ideal. On the other hand, dislocation-free, ultra-pure germanium crystals
have been very useful in the study by Jeffries et al [3] of large, strain-
field confined electron hole drops (EHD) where such crystals exhibit EHD
lifetimes ten times longer than in dislocated crystals.

Whereas a considerable amount of detailed knowledge on the mechanical
properties of dislocations exists, there is still very little detailed
understanding of the electronic phenomena introduced in crystals by disloca-

tions. Furthermore, the interaction between impurities and dislocations is
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a subject that must receive more attention. We are ccﬁfident'that the
interaction between substitutional impurities leading to shallow levels
(group II1 and group V elements) and dislocations in ultra-pure germanium
must be negligible. Proof of this is evident in Figure 2 where besides the

appearance of an acceptor level at £, + 0.072 eV in the dislocation-free

V
part of the crystal (which we attribute to a divancancy complex), no differ-
ences can be detected in the shallow level concentrations in the dislocation-
free and in the dislocated areas of the crystal. Measurements on a very
large number of crystals (p- and n-type) support this assumption. Intersti-
tial impurities which diffuse over large distances at temperatures slightly
above room temperature might possibly have a much larger influence on the
mechanical and electrical properties of dislocations. It is reasonable to
assume that hydrogen plays the most important role as the most abunda;;\
neutral interstitial impurity. Evidence for this is obtained from DLTS and
Hall effect studies of dislocated crystals grown in a hydrogen and a nitro-
gen atmosphere where a broad acceptor band appears in both types of crystals
but it is shallower in the hydrogen-containing crystal. This observation is
analogous to the shift of deep acceptors towards the valence band when they
form complexes with hydrogen.

Experiments with dislocations in ultra-pure germanium have so far been
rather gualitative. However, this will probably change because the pure
germanium crystals give us, for the first time, a chance to observe very
subtle effects due to a small number of dislocations. This is in contrast
with the rather violent artificial introduction of large numbers of disloca~

tions using bending and twisting of single crystals—-a technique that has

been employed in earlier studies of dislocations.
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5. Summary and Conclusions

The reduction in the concentration of electrically active impurities in

1@@mm3 range (about

large, ultra-pure germanium single crystals to the 10
two orders of magnitude purer than earlier materials) has produced a wealth
of new results in the physics and chemistry of semiconductors and has led to
the development of new measurement techniques. The discovery and subsequent
investigation of unknown shallow levels has led to the recognition of the
kimp@rtance of neutral impurities. Such impurities (hydrogen, oxygen, sili-
con and carbon) can form complexes themselves and together with electrically
active impurities to produce shallow acceptors and donors which exhibit
novel ground-state manifold structures. Studies of these complexes have
resulted in the model whereby tunneling of a light, interstitial impurity
occurs in the vicinity of a heavy impurity. With this model, the old lith-
jum and lithium-oxygen donor problem has finally been resolved.

For all of these investigations, a high resolution technique was neces-
sary and Photothermal Ionization Spectroscopy with and without uniaxial
stress has proved to be the most powerful tool. It combines the sensitivity
of an electrical measurement with the high resolution of an optical spectro-
scopy. Fourier Transform Spectroscopy increases the ease and reduces the
time it takes to record high resolution spectra by several orders of magni-
tude compared with conventional grating instruments. High Q Electron Para-
magnetic Resonance using an ultra-pure semiconductor as the cavity has
proven a very useful additional tool. By shaping the sample into a large
cylindrical resonant cavity the sample volume can be made large and the
technique can be sensitive to small impurity concentrations.

It is important to recognize that it appears at the present time that
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impurity complexes involving mainly neutral impurities are limiting the
shaiiow and deep level concentrations. Any further attempts to improve the
purity must concentrate on the reduction of these neutral impurities in
parallel with the standard group IIl and V elemental acceptors and donors.
The most important of the neutral impurities seems to be hydrogen. Hydrogen
is, in its atomic form, very mobile and it forms bonds with a large variety
of electron-deficient sites (shallow and deep acceptors, line defects etc.).
The importance of hydrogen in amorphous semiconductors has been recognized
for a long time and we foresee that the understanding of the role of hydro-
gen in crystalline and amorphous materials will profit from each other.

Due to our specific involvement with ultra-pure germanium, we have con-
centrated on impurity-related questions. There are, of course, many other
fields in which ultra-pure germanium has been found to be useful. We have
briefly mentioned electron-hole drop studies. Photoluminescence and exciton
studies, radiation damage, ion implantation and annealing (thermal, laser
and electron beam), far infrared photoconductors, low-temperature-operated
field effect transistors, X-ray transmission and muon spin resonance have
all made use of these well-characterized crystals.

The need for a nuclear radiation detector material which is stable at
room temperature has led to an exciting new material. Only the combined
application of physics, chemistry and material science has brought about the

degree of understanding indicated in this chapter.
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FIGURES
Number

1 Net-shallow level concentration |Ng ~ Np| along the growth axis of
an ultra-pure germanium single crystal. At the seed end (0% of melt
frozen) the aluminum acceptor dominates, yielding the crystal p-type.
Near the tail end the phosphorus concentration exceeds the aluminum
concentration, lNA - ND]: continuous curve; aluminum concentra-
tion: dashed curve; phosphorus concentration: dotted curve.

2 Arrhenius plot of the free hole concentration p (log p versus
1000/T). The dislocation-free sample contains an acceptor level at
Ey + 72 meV.

3 Decay of the donor concentration in function of time in a Tithium
saturated sample. The end values correspond to the Li0 donor
concentration. The four decay curves are discussed in the text.

4  The two-step absorption process which leads to Photothermal
Ionization.

5 A) Schematic of a Michelson Interferometer as it is used in Far
Infrared Spectroscopy.
B) Helium dewar with insert. The numbers are referred to in the
text.

6 Cosine part of the Photoconductivity Interferogram of an ultra-pure
germanium sample containing mainly aluminum as the residual acceptor
impurity. The beat character is caused by two strong 1ines (C and

D).

7/ Fourier Transform Spectrum of the Interferogram shown in Figure 6.
The assignment of the lines is according to Reference [34].
Aluminum (A1) is the dominant acceptor. The hydrogenic sets of
Tines due to boron (B) and gallium (Ga) are also present.

8  Spectrum of the same crystal as used for Figures 6 and 7 but under
band-edge light illumination. The minority levels are populated and
lead to negative lines (P = phosphorus).

9 Schematic of a Deep Level Transient Spectrometer (capacity mode) using
a Miller Correlator as the filter network.

10 DLT spectrum of a ultra-pure germanium diode which contains copper and
copper-hydrogen acceptor levels. The correlator time constant was 3
ms.

11  DLT spectra of one diode with different surface conditions.

12 Resonance mode excited in a dielectric Ge cavity with Q ~ 5 x 10°.
The klystron freguency is 23 GHz.
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Schematic drawing of the cavity containing the large germanium single
crystal sample acting as a dielectric cavity.

Photothermal Ionization Spectra of three neutral deep acceptors and
the shallow acceptor aluminum. The X-axis scale is identical for
all four spectra but the origin is shifted so that the corresponding
lines do 1ine up.

Preferentially etched (100) surface of a partially dislocated hydrogen-
atmosphere-grown germanium crystal. A high density of precipitates
causes the small pits in the dislocation-free area. The large etch
pits are due to dislocations.

Isochronal annealing curves for rapidly quenched germanium simpie§
A = standard crystal:; B = crystal doped with [Si] = 3 X 10t/
The donor formation is fully suppressed in the silicon-doped cvystaie

PTI spectira of two rapidly quenched Ge samples, one cut from a crystal
grown in a hydrogen atmosphere, the other from a crystal grown in a
deuterium atmosphere. The donors D(H,0) and D(D,0) exhibit an iso-
tope shift of ab g = 51 weV in their ground state. The acceptors
A(H,Si) and A(D g ) show an isotope shift of éEgs = 21 ueV.

PTI spectra of samples from three crystals grown in pure hydrogen,
pure deuterium and a 1:1 mixture of the two gases. The mixed gas
grown crystal only shows two Tine series indicating that only one
hydrogen or deuterium atom is part of the donor complex.

Evolution of the ground and excited states of the phosphorus donor in
germanium under [1117 uniaxial compression. The asymptote (dash-
dot) to the singlet ground state cuts the Y-axis at precisely 3a
above the ground state at zero stress.

Three PTI spectra of a sample containing phosphorus (P) and the
hydrogen-oxygen donor complex (D) at different [111] uniaxial
compressional stress values.

Spectra of & p-type Ge sample containing the elemental acceptors Al,
B, Ga and the acceptor complex A(H,C). The line splitting of the
elemental acceptors is due mainly to the ground state splitting un-
der [1117 uniaxial compression. The lines of A(H,C) do not split
indicating a ground state symmetry different from elemental accep-
tors.

The ratio of the intensities of the C lines in the two series of
A{H,S1) (circles) and the D lines in the same series (plus signs)
are proportional to a Boltzmann factor exp (1.07meV/kT). The ratio
of the sum of the intensities of the C lines of A{H,Si) to the in-
tensity of the aluminum acceptor C line is temperature independent
(squares). The same holds for the D lines (x's).

PTI spectra recorded at two temperatures of a sample containing the
acceptor complex A{H,S51).
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PTI spectra recorded at two temperatures of a sample containing the
acceptor complex A(H,C).

PTI of two samples containing lithium—oxygen and lithium donors. The
unjaxial compression separates the Li and the Li0-1ines.

Spectra of the same two samples used in Figure 25 but at zero stress.
The Li and Li0 lines mixed together.

Derivative of an EPR absorption spectrum of a sample containing Li0
donor complexes.

The g factors of the Li0 donor complex indicate single-valley
electrons.

Evolution of the Li0 donor complex ground state manifold in function
of [1117 uniaxial compression.

Steady state concentration of the VyH acceptor at Ey + 0.072 eV in
function of the inverse temperature.

PTI spectrum of a p-type sample containing two sets of hydrogenic
Tines due to one or two copper- and hydrogen-related centers
[A(H,Cu)].

Hall effect measurement of the free-hole concentration versus 1000/T
of a sample containing A(H,Cu). The insert shows the deep level
region magnified. Curve b indicates a deep level at Ey * 175 meV,
curve a is obtained with a sample free of deep levels.

PTI spectra of two acceptor complexes A(Li,Cu) and A(H,Li,Cu) aligned
with the aluminum spectrum. A1l three spectra are perfectly hydro-
genic.

Hall effect measurement of the free-hole concentration versus 1000/7
of a sample containing A(H,L1,Cu) complexes. The region where the
crystal becomes intrinsic is magnified in the insert. For compari-
son, curve a obtained with a deep-level-free sample is shown.
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TABLE 1

The Strongest Transitions of Neutral Elemental Acceptors in Ultra-Pure Germanium
(a11 values are in units of meV = .07 meV)

Transition (Ref 34) D C B Ay, Az A, Ay Groundstate
Endstate Assignment (Ref 2) 21’8"" Wy“ﬂl‘é" @I‘B"’ 5%” energy*

B 7.94 8.69 9.32 9.57 9.66 9.78 9.86 10.47

Al §.27 9.03 9.65 9.93 10.00 10.13 10.20 10.80

Ga §.44 9.19 9.81 10.09 10.15 10.29 10.36 10.97

In 9.11 9.86 10.51 10.75 10.83 10.96 11.03 11.64

Be 21.89 22.68 23.31 23.71 23.85 24.42

In 30.13 30.88 31.53 31.87 32.04 32.66

Cu 40.35 41.10 41.72 - 42.13 42.35 - 42.88

*The ground state energy was determined by adding 2.53 meV to the transition energy of the D-line (Ref 34, 48).
Recent theory (Ref 2) predicts an energy difference of 2.88 meV which would increase all the ground state
energy values in the table by 0.35 meV.
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TABLE 2

Crystal Growth Conditions Dislocation Etch Neutral Impurity Net Shallow Copper
Number Crucible Atmosphere | Pit Density (Cm‘z) Concentrations {cm“3) Impurity Concen- | Concentra-
(1 atm) [H] | [c] 107 [Si] |tration Np-Np{cm—3) | tion (cm3)
342 Synthetic quartz | Hydrogen ~103 ~1014 | tow <1014 | ~1p0i4 -3.5x109 g.2x10ll
373 Synthetic guartz | Hydrogen 0 . “ “ n 8.5x101 0w 4.8x1012
235 | Graphite Hydrogen ~103 “ high| <1013 | 1ow 9.1x1010 3.2x10l2
436* | Synthetic quartz | Hydrogen ~103 g tow | <1013 | 3x10l7 7.0x10L0 ~2.0x1011
136 | Synthetic quartz | Nitrogen ~5x103 Tow & >4x1014 | ~1014 1.2x1011 1.5x1011
132 | Synthetic quartz | Nitrogen 0 “ wo | osax1014 | ~1014 3.3x1011 <2.0x1010
g
(& x]
[$o]
I

*Crystal #436 has been doped with elemental high-purity silicon.

**Crystal # 373 contains in addition to the shallow centers, 1.4x101em-3 ¥oH acceptors at Ey + 72 meV.



TABLE 3

The Strongest Transitions of the Shallow Donor Complex D(H,0)
(all energy values are in units of meV = .005 meV)
(other notation for this complex: *C" Ref 40, 41, 62)

Transition Endstate

' Binding Energy* of Lowest
Assignment (Ref 32) | 2P =1 3P =1 4P = 1 |4F =1 |5P # 1 |5F =1 6P %1

Groundstate Manifold Component

at zero stress 10.736 | 11.420 1 11.704 | 11.849 | 11.985 | 12.055 | 12.131 12.498

at high stress 8.058, 8.741 9.028} 9.174 ) 9.313 — — §.820

*This energy was obtained by adding the theoretically derived binding energy of the 2P % 1 state 1.762 meV

to the energy of the 15 - 2P = 1 transition (Ref 32).
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TABLE 4

The Strongest Transitions of Neutral Shallow Acceptor Complexes in Ultra-Pure Germanium
(a1l values are in units of meV = .01 meV)

Transition (Ref 34) D c B Ay Az A, A; | Groundstate
Endstate Assignment (Ref 2) 2 |11y, 355|457 5g,” Energy* | Splitting
‘ 7.71] 8.4 | -- -- -- - -- 10.24
A(H,s1) 1.07
other notations: A; ,A, Ref (1), X Ref (40) 8.78] 9.53 [10.17 | 10.41 {10.50 | 10.64} 10.71 | 11.31
| 7.42f 8.17 | -- -- -- -~ 1 - 9.95 '
A(H,C) 1.98

other notations: Ag Ref (1), Y Ref (39) 9.39] 10.14 10.77 | 11.04 [ 11.13 }11.24} 11.32 | 11.93

eaOgeza

A nitrogen atmosphere, 7.38] 810 |- | = | -« | = | -- 9.87 -

A, graphite crucible 7.89] 8.64 | 9.27| 9.54| 9.61| 9.73| 9.82| 10.42| --
e related

As centers, Ref (1) 8.44| 9.19 | 9.82|10.09{10.15| -- | -- | 10.97| --

A, unknown

other notation: X Ref (39) 8.13, 8.89 9,53 | -- -- -- -- 10.66 --

*See Table 1.



TABLE 5

The Strongest Transitions of the Donors D{Li) and D(Li, O)
(a1l energy values are in units of meV + .003 meV)
Transition Endstate Binding Energy***
Assignment (Ref 32) 2P £ 1 3P+ 1 4p + 1 4F + 1 5P + 1 5F + 1 6P + 1 | of Ground state
. zero stress 8.286 8.974 9.259 9.406 9.546 9.609 -- 10.048
DL+ : :
high stress 8.317 9.004 9.288 - 9.436 9.573 9.637 §.728 10.079
broad
1ines* 7.70 - - - - - - 8.46
zero 8.27 8.96 9.25 - - - - 16.03
stress Sharp
Tines** 8.736 9.419 9.706 9.850 9,931 10.057 10.133 10.498
D(Li,0)
8.029 8.714 9.004 9.147 - - - 9.791
high stress
F i [111] 8.120 8.803 9.092 9.233 g.376 9.436 - 9,982
8.748 9,436 9.720 9.862 9.996 - - 10.510

* The error in the transition energies leading to the broad lines is % .05 meV.

** The sharp set of lines has been assigned in the past to a donor "S" (Ref 40, 62)

*%%  See Table 4.

and "A" {Ref 41).
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