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ABSTRACT

An experimental study of the transient and temperature-dependent
behavior of Ge:Be and Ge:Zn photoconductors has been performed under tre
low background photon flux conditions ({J=108 photons/second) typical of
astronomy and astrophysics applications. Ge:Be and Ge:Zn single crystals
were grown using a high purity Czochralski crystal grower to achieve good
control of residual impurity concentrations. The responsivity of Ge:Be
and Ge:Zn detectors is strongly temperature-dependent in closely
compensated material, and the effect of compensation on free carrier
lifetime in Ge:Be has been measured using the photo-Hall effect
technique. Closely compensated material has been obtained by controlling
the concentration of novel hydrogen-related shallow acceptor complexes,
A(Be,H) and A(Zn,H), which exist in doped crystals grown under a H2
atmosphere. A review of selection criteria for multilevel materials for
optimum photoconductor performance is included.

Transient behavior with respect to changes in incident photon flux
levels has been observed to occur in both Ge:Be and Ge:Zn photoconductors
with time constants ranging from 0.1 to greater than 5.0 seconds. The
detector response consists of both a fast and a slow component. The
amplitude of the slow component can be up to ten times greater than the
initial fast component. It has been established that this phenomena
cannot be explained by current models of carrier sweep-out and dielectric
relaxation. This transient behavior has been characteriicu as a function
of temperature, electric field, contact area, photoconductive gain, and
material parameters. The time constant of the slow response decreases
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with increasing temperature, put is found to be independent of electric
field, background photon flux, and photoconductive gain. Transient
solutions of the transport equations, following an increase in background
flux illumination, have been obtained, including the effects of space
charge in the near contact region. The modeling results indicate that
transient phenomena with time constants on the order of seconds occur

due to changes in the electric field and ionized acceptor concentration

in the near-contact region.
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Chapter 1: Introduction and Background

The first conference devoted entirely to the topic of photo-
conductivity in solids was held in Atlantic City in 1954, The conference
proceedings begin with the following statement:

Photoconductivity is one of the most complex phenomena
of solid state physics, involving, as it does, the ‘nter-
action of light guanta with a solid to produce free charge
carriers whose subsequent history reflects all of the
fascinating diversions encountered by an itinerant electron
or hole in a solid (1).
During the past thirty years, a number of other solid state phenomena may
have laid greater claim on the degree of complexity, but the fascinating
diversions encountered by itinerant electrons and holes in illuminated
solids continues to be an area of great interest.

Photoconductivity, defined as the increase in conductivity of a solid
due to the absorption of light, is applied extensively in the
characterization of solids, both semiconductors and insulators, and in
the detection of radiation in all parts of the electromagnetic spectrum.
Over a wide range of infrared wavelengths (5-200 um), the most sensitive
photon detectors are extrinsic S5i:X and Ge:X photoconductors, where X is
any donor or acceptor impurity with an ionization energy corresponding to
the wavelength of interest. These detectors operate at low temperatures
(T<20K for Si, T<4.2K for Ge) and can Jetect small changes in photon
streams at very low levels of photon flux.

Current interest in extrinsic photoconductors as far-infrared
detectors is driven primarily by new opportunities for space-borne
telescopes which allow astronomers to observe infrared sources without

the H,0 and CO, absorption which Timit earth-based facilities. The

successful launch and operation of the Infrared Astronomical Satellite



(IRAS) in 1981 greatly improved the sensitivity of infrared observation
and led to the detertion of about 250,000 infrared sources (2). Flans
for future missions include COBE, the Cosmic Background Explorer which
will use bolometric devices to measure the cosmic background radiation
(3), IS0, the Infrared Space Observatory which is a European satellite
covering the 3 to 200 um wavelength range (4), and SIRTF, the Space
Infrared Telescope Facility, which is currently on the drawing board for
1992 (5). The success of these missions is determined in large part by
the sensitivity and reproducibility of the extrinsic semiconductor
photoconductors and bolometers which are the radiation-detecting
elements. The very low background fluxes encountered under space
conditions, combined with the interest in measuring increasingly small
signals, has led to a renewed interest in the more subtle 3spects of
photoconductor behavior and characterization under low background.
Efforts to meet the demands from the astronomy community for improved
detector performance have been aided by the significant improvements in
semiconductor purification and device fabrication in the past twenty
years. Improved control of semiconductor doping, the use of implantation
for contact formation, and the amazing progress in device integration in
S$i has Ted to highly sensitive and sophisticated Si:X detectors which can
now be used in integrated two-dimensional arrays (6,7). Ge detectors
hWave also benefitted from improvements in materials development and
contacting procedures, although the push toward arrays has been limited
by both fundamental problems and the concentration of interest in longer
wavelength detection in a smaller and more peaceful, though no less
fervent community. In both cases, however, materials development has not

been fully exploited and there remain a number of phenomena which are not



fully understood. These include temperature-related changes in behavior,
memory effects, large current pulses not related to changes in flux, and
the transient responses to changes in flux, bias, or other perturba-
tions. These so-called "anamolous" behaviors become increasingly
important as new demands are placed on detector performance.

The goal of photoconductor researia for astronomy-related
applications is to provide detectors with well characterized behavior
which meet performance specifications of sensitivity, speed, wavelength
coverage, etc. For the far-IR, this requires the study of lightly doped
Ge (1014-1015 cm’3) with conditions simulating the space enviraanment.

This thesis focuses on research and development of Ge:Be, Ge:Zn, and Ge:Ga
detectors. The primary emphasis is on the study of temperature-dependent
and transient phenomena in Ge:Be and Ge:Zn photoconductors. These
detectors can display transient behaviors characterized by very long time
constants (~ 1 sec) which are not fully explained at the present time. In
addition, the temperature-dependent behavior of detectors based on
"semi-deep” levels offers some interesiing possibilities for study and
exploitation that are not available in the more common shallow level
detectors. An extensive experimental study of these two systems has been
undertaken in order to improve the understanding of the fundamental

behavior of extrinsic photoconductors.

1.1 Principles of Extrinsic Photoconductivity

The term “extrinsic photoconductor” is used to refer to a material
where the photoconductive response of interest is due to the

photoionization of impurities, donors or acceptors, which are extrinsic



to the host lattice. This is in contrast to intrinsic photoconductors
where one is concerned with the trarsition of electrons and holes across
the band gap. In the wavelength ranges where they overlan, intrinsic
photoconductors have several distinct advantages. The light absorbed by
a detector in a single pass, excluding the effects of reflection at the
front surface, is given by the standard expression

I=Io(l—exp(-ax)) (1.1)
where a=oN [0 is the photoionization cross-section and N is the
concentration of absorbing centers].

Alpha for the band to band transitions is usually several orders of
magnitude greater than for the optimally doped extrinsic absorption, due
to the larger concentration of absorbing centers. As a result, intrinsic
detectors absorb more light in & thinner sample. This is beneficial in a
space environment because a smaller volume detector will have less
interaction with high energy ionizing radiation such as yrays and protons
which interfere with detector performance. In addition, intrinsic
detectors are generally used in a photovoltaic or diode mode (n+-p-p* or
p*-n-n+) while extrinsic photoconductors are most commonly operated as
ohmic devices., It can be shown (8) that a detector operated as a
photodiode has an ideal signal to noise ratio (S/N) which is a factor of
2 lower than an ohmic photoconductor. This is due to the absence of
recombination noise in the photodiode.

Limitations to intrinsic devices arise, however, when one wishes 1o
detect radiation in the far-IR. The smallest III-V bandgap material is
InSb, with a cut-off wavelength of ~10 um. Extensive work is in progress
on Hgl_xCdee, a semiconductor with a tunable bandgap as a function

of composition, but most recent results report competitive performance



only at short wavelength and high operating temperatures (9). Thus, for
wavelengths beyond ~10 um, it is necessary to use extrinsic
photoconductors or bolometric devices. Figure 1 shows the cut-off

wavelength and general range of operation of intrinsic detectors and

extrinsic Si, Ge, and GaAs.
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After Richards P L and Greenberg L T, "Infrared Detectors for
Low-Background Astronomy: Incoherent and Coherent Devices from
One Micrometer to One Millimeter,” Infrared and Millimeter Waves,
Button K J ed., (New York: Academic Press), 6, 150 {1982).

Extrinsic Ge detectors are used primarily for wavelengths from 30-200
um. For shorter wavelengths, extrinsic Si detectors have been developed.
Due to the advanced state of Si crystal growth and processing, Si:XX
detectors (Si:Sb, Si:Ga, Si:In) have replaced the earlier devices based on
deep and semi-deep levels in Ge (Ge:Au, Ge:Cu, Ge:Hg). On the long
wavelength end, the shallow donor impurities in GaAs seem to offer the
potential for detection to 300 um, although currently the use of GaAs as a
far-IR detector is limited to epitaxial layers and bound to excited state

transitions (10). Improvements in bulk GaAs will no doubt expand



the use of these detectors.

The basic process of extrinsic photoconductivity is well known and
extensively reviewed (11,12). An extrinsically doped piece of
semiconductor is cooled to a temperature such that most of the centers
are neutral. (To be more precise, virtually all of the centers are
neutral. In a Ge:Ga detector at 4.0K, the frea hole concentration is

3 out of 2x1014 cm‘3.) Photons are absorbed via

approximately 3 cm™
a transition of the hole (electron) from the ground state to the
continuum. The resultant change in free hole concentration, Ap=pt where
p is the flux rate (photons/cmzsec) and t is the lifetime of the free
carrier (sec), will cause an increase in conductivity. This is observed
as a change in either current or voltage depending on the mode of device
operation. This process is illustrated in Figure 2.

The expression for the current density though a photoconductor can be

written, in its most general form, as

J=Jconduction * Jdisp]acement * jdiffusion
or
§Ux,t)=eup(x, 1)E(x, t)ve FELtL po 00GE) () o)
at ot

where e is electron charge, u is mobility, p is free hole concentration,
E is electric field, and D is the diffusivity. A rigorous derivation of
the photocurrent equations, based on the assumption of an ideal contact,
has been given by Rittner (13).

Commonly, one is concerned with the steady state current flowing
through the device under a given flux rate p. In this case, the time

derivative goes to zero (i.e., no displacement current). The diffusion
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term can generally be neglected in the bulk under the condition of
uniform illumination of a homogeneous sample, although this term cannot

be neglected in the near-contact region. For bulk steady state



photoconductivity then, Egn. 1.2 reduces to
j(t)=eup(x,t)E(x,t) (1.3)
or, in terms of flux rate and carrier lifetime,
i(t)=eut p(x,t)E(x,t). (1.4)

This is the usual starting place for simple analytical studies of current
flow in the device. It is obvious that an increment in Ap causes a
linear increase in j(t) for cases where the background flux is low enough
that u and 1t are flux-independent. However, the behavior of j(t) under
non-steady~-state conditions (transients) or under conditions where
1 =1 (p) is not so straight forward and less well understood. These will
be the topics, respectively, of Chapters 4 and 3. At that point, it will
be necessary to introduce the effects of space charge (Poisson's
equation) and the dynamic behavior (continuity of charge carriers).
These three equations in combination define all the essential physics o
understand the steady state and transient photoconductive behavior.

Phenomenologically, a photoconductor can be thought of as a
transducer which converts a photon signal into an electrical signal.
Returning to Figure 2, if a single photon is absorbed by a neutral
impurity in the detector volume, a free carrier is created. This carrier
will exist on the average for a lifetime T before it s captured by the
Coulomb potential of an jonized impurity and recombines. During this
time T , the carrief will move a distance Ld’ the drift length,
parallel to the applied field E. The photocurrent measured in the
external circuit is given by

J=pe(Ld/L)=pe(vdT /L) (1.5)

where L is the distance between the electrodes.



If vd=uE (i.e., below saturation velocity), then
J=eup 1 E (1.6)
which is the same current expression as Eqn. 1.4.

The quantity ut E/L, or more generally, VyqT /L, is simply the ratio
of drift length to intercontact length (or lifetime to transit time), and
was defined by Rose (14) as the photoconductive gain G. It is a measure
of device sensitivity because the photocurrent for a given photon flux is
directly proportional to G. With large electric field or long free
carrier lifetime, the photoconductive gain can be larger than one,
although values from 0.1 to 1.0 are more common for extrinsic Ge
detectors. To understand this, it is useful to think of a photoconductor
as the analog of a parallel plate capacitor filled with a dielectric of
relative dielectric constant e. The ratio LD/L is the fraction of unit
charge change'on the contact plates caused by the motion of free charge
within the dielectric. If the drift length of a free carrier is long
enough that it does not recombine in a single pass through the device,
other carriers injected at the injecting contact continue to influence
the mirror charges on the electrodes, causing current flow in the
external circuit.

The gain can be a complicated function of chopping frequency and is
affected by heating of carriers as well as saturation effects under ac
conditions. These behaviors will arise when we consider the transient
response of detectors. Primarily, hbwever, the photoconductive gain is a
function of the material parameters which determine u and v , and it is
through the control of these parameters that optimized material is

produced for detector use.
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1.2 Materials for Photoconductor Applications

A schematic band diagram for an extrinsic, long wavelength p-type
photoconductor is shown in Figure 3. The material is intentionally doped
with a primary dopant A and contains a residual concentration of
compensating donors D. Such a diagram is representative of Ge:Ga or
Si:B, cases where the primary dopant is a shallow level and other
residual acceptors are not important. This is because they either are of
similar ionization energy but orders of magnitude lower in concentration
(as for Ge:Ga), or they are both orders of magnitude lower in
concentration and have an ionization energy greater than the primary
dopant and are c-erefore neutral and play no role in the photoconductor
(as in the case of Al in Si:B).

A more general case, and the case of interest in this work is shown
in Figure 4. In this case, the primary dopant is a semi-deep level, but

the residual shallow impurities will be shown to affect both the
temperature dependence and the transient response of the photoconductor.
Figure 4 applies to materials such as Ge:Be and Ge:Zn, considering only
the Tirst jonization stage of the double acceptor, as well as to Si:Ga
and Si:In. Methods for characterization of multi-level systems to
determine the ionization energy and concentration of the various levels
will be reviewed in Chapter 2.

In addition‘to determining the cut-off wavelength for photoconductive
response, the dopant impurities determine the free carrier lifetime and
mobility and all the low temperature transport behavior. "Optimized"
material for photoconductor app]icatioﬁs often involves a trade-off
between maximum absorption (nigh a » high N) and low dark current (hign N

leads to hopping or banding conduction), between high photoconductive
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gain and low breakdown field (15), or between high sensitivity and
maximum speed. Meeting all these specifications requires control of the
doping of the semiconductor with respect to both majority and minority
impurities. Improved crystal growth conditions, for both Si and Ge, have

contributed to the improved performance and flexibility in detector design.

1.3 Figures of Merit and Detector Performance

No overview of the essentials of far-IR photoconductors for application

in astronomy can be complete without a discussion of figures of merit and
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detector performance. For low background operation, the two most
frequently used figures of merit are responsivity and noise equivalent
power (NEP). Responsivity is a measure of signal size and is defined by
R = [e/(hv)] Gn = [e/(hv) (v T n/L) (1.7)
where G is the gain and n is the quantum efficiency for photon
absorption, The NEP is a measure of the signal to noise ratio, or
alternately the minimum-signa] required to obtain a signal to noise ratio

of unity in a 1 Hz bandwidth. The measured NEP, given by

Noise
NEP = Ps1gna]X —S-i—g-ﬁ] (1-8)

is compared to the ideal NEP which could be obtained if the noise asso-
ciated with the signal were only the noise due to the random generation
and subsequent independent random recombination of free carriers (16).

This is the background limited, or more aptly photon noise Timited (pnl)

NEP, and is given in the Poisson limit by

NEP 1 = zJphv for n =1 (1.9)

O0f course, there are always additional noise sources which may
contribute to the total noise signal. These include thermal
generation-recombination noise, noise associated with non-ideal contact
behavior, and the Johnson noise of feedback resisitors or other amplifier
noise. Regardless of which noise source is dominant (usually photon
noise or electronic noise), the minimum noise will determine a maximum
sensitivity of the detector.

The NEP performance characterisitics of Ge:Be detectors have been
evaluated and presented elsewhere (17,18). Figures 5 and 6 summarize the
results showing the NEP as a function of bias for several Ge:Be detectors

and a comparision of Ge:Be and Ge:Ga results at a wavelength of 42 um.
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One sees that Ge:Be gives better performance than Ge:Ga in this
wavelength region and that the performance approaches background limited
performance to within a factor of 1.5 assuming a responsive quantum
efficiency of one for a detector in an integrating cavity. These
detectors will be used on future space missions because of their improved
sensitivity. Therefore, a better understanding of their performance

under low background conditions is required.
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Chapter 2: Materials Development and Characterization Techniques

Beryllium occupies a substitutional site and is a double acceptor in
Ge with ionization energies of 24.8 and 58 meV (19). Interest in Ge:Be
as a detector material is generally limited to the first ionization
stage, and the earliest evaluation of Ge:Be photoconductors was published
by Shenker, Swiggard, and Moore in 1967 (20). Recent development of
Ge:Be has been directed toward producing an optimized detector in the
30-50 um wavelength range. In addition to the work cited earlier, there
were several other efforts in material and detector development (21,22).

Zinc is also a double acceptor occupying a substitutional site in Ge,
with jonization energies of 33 and 86.5 meV (19). Ge:Zn detectors were
developed in the early 1960's, but were never extensively utilized
(24,25). The interest here in Ge:In is primarily as an analogous system
to Ge:Be, allowing for extension of the experimental survey beyond a
single example of a multi-level system. There is less practical
application for Ge:Zn detectors in astronomy, sirce they begin to overlap
the wavelength range which can be covered by Si:X detectors and since the
Ge:Be detectors have been quite successful.

A schematic spectral response including Ge:Be and Ge:Zn is shown in
Figure 7. In studies concerned with the characterization of the far-IR
detectors, only the first hole is removed (i.e., first ionization state)
and the doubly ionized state is never present. This is accomplished by
operating the device at low temperatures and using appropriate filtering

so that there is neither thermal nor optical energy to remove a second
\‘5&?"!

hole. The compensating donor concentration is always low enough (ND <<

NBe) so that no doubly ionized centers are formed due to compensation.

15
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Schematic spectral response for Ge:Be and Ge:Zn

2.1 Single Crystal Growth

2.1.1 Ge:Be Single Crystal Growth

In addition to the wavelength associated with its first ionization
energy (Be is the shallowest of the deep multivalent acceptars in Ge),
the high solubility of Be in the Ge lattice makes it especially suitable
as a dopant for a photoconductor. Unlike the other deep double acceptors
(Zn, Cd, Mn, Co, Ni, Hg), Be is as soluble in the lattice as the more
commonly used Group III and Group V dopants. Shenker et.al. (20)

reported a maximum solubility in excess of 1019 cm'3

solubility of - 4x1020 cm'3 at the crystallization temperature has

, and a maximum

been calculated (26). The limiting factor, therefore, in the doping of
Ge:Be for photoconductor applications is the onset of significant hopping
conduction and not the solubility. Tnis is beneficial since one

generally desires to have as large a concentration of dopant as possible
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in order to maximize the probability of photon absorption in single pass
applications.

Because Be readily oxidizes, problems are encountered in crystal
growth which are not present, for example, when doping with Ga. The
oxygen content of the melt environment (crucible and surrounding
atmosphere) is the critical factor in determining whether Be will
precipitate as stable and neutral Be0 or remain as an isolated dopant
which is electrically active.The standard conditions for high-purity Ge
Czochralski crystal growth {27) require a silica crucibie ana a
Pd-diffused H2 atmosphere. Thermodynamics calculations, based on the
free energy of formation and the mass action law, can be done to give an
indication of the stability of an oxide under such conditions.

In the earlier stages of this work, these calculations were performed
following the method used by Darken (28;. Two conclusions were reached:
1) Stable BeO would be expected to form in equilibrium under a H2

atmosphere when the ratio of partial pressures of water to hydrogen

7

exceeds 5.5x107° for growth at 1200 K with a Be concentration of

5x1015 cm‘3. Since the dryness of the hydrogen generally attained is

only a partial pressure ratio of 107°

, the formation of statle BeQ is
very likely under a H2 atmosphere.

2) Within the limits imposed by the kinetics of diffusion and
convectian, Be will reduce a SiO2 crucible. The Be in the melt could

be depleted by the following reaction:

2Be + 510, » 2Be0 + Si (2.1)

(m) 2
The form of the calculations is presented in Appendix 1 and
subsequent experience has verified their predictions. Generally the

problem was solved by growing the crystals in a less oxygen-rich



environment by removing the silica crucible and growing directly from the
carbon susceptor under vacuum (10'6 to 10‘7 torr). Significant loss

of Be was not observed under these conditions. In cases where it was
necessary to grow under a H, atmosphere (see Chapter 3.3), loss of Be
during crystal growth was observed. Figure 8 shows the concentration
profiles along the length of the c¢rystal for a number of representative

crystals and illustrates this effect.
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Figure 8
Concentration profiles along the length of Ge:3e crystals
for growth under vacuum and Hp

The Be concentration required for optimum photoconductor material is

approximately 101° crn"3

, less than one part per billion. At such
small concentrations, direct doping with pure Be is very inaccurate.

Doping of the melt with Be was achieved by adding a small piece of
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heavily doped master alloy to the high purity zone refined charge. The
master alloy was prepared by alloying pure Be and Ge. The resultant
average concentration of electrically active Be in the master alloy was

18 cm‘3 as measured by room temperature Hall effect. Use of a

~3x10
master alloy provides a more controlled method of doping than direct
addition of Be to the melt. The weight of the master alloy required is
generally about one gram. This can be measured much more accurately than
the micrograms of Be metal which direct doping would require. A Hall
effect measurement can be used to determine the Be concentration in the
master alloy.

The calculations for determining the weight of the master alloy,
given a desired concentration at the seed end of the crystal, are
straight forward. The following expression gives the concentration along
the length of a crystal for segregation during normal freezing (i.e.,

solidification from a melt):

C(x) = Ck (1-x)57t (2.2)
where k is the effective segregation coefficient and x is the fraction of
the melt which is frozen. The literature value for the equilibrium
segregation coefficent for Be in Ge is given as 0.08 (26). Under our
growth conditions, the effective segregation coefficient has been
determined from the crystal growth profiles to be approximately 0.25.

In additibn to the primary dopant, residual impurites such as boron,
aluminum, phosphorus, arsenic, etc. are always present, both in the
poly-crystalline charge and as contaminants in the c¢rystal growth
environment. In Ge:Be or Ge:Zn, the n-type dopants (P,Sb,As) determine
the free carrier lifetime and their concentration is extremely important

for device performance. The lowest net concentration of residual



electrically active impurities (primarily P) that can be obtained under

high purity growth conditions is 109—1010 cm'3. When a master
alloy is used, or when the H2 atmosphere or Si02 crucible is removed,

this value rises to 1011-1012 cm'3

The residual p-type impurities (primarily B and Al) will also play a
significant role in both the electrical and optical characteristics of
the detector. Boron and aluminum are present in the zone-refined charge
and can also be introduced by the crucible in contact with the melt.
When crystals are grown directly from the carbon susceptor, an increase
in the electrically active concentrations of B and Al is observed. This
is believed to be due to the effect of B contamination in the crucible
and also to the lack of O2 which would otherwise lead to the
precipitation of aluminum oxides. It is these residual impurities, of
the same type as the primary dopant, but several orders of magnitude
Tower in concentration, that cause all photoconductors based on semi-deep
or deep levels to be classified as multilevel systems.

Counterdoping is a term that refers to the intentional addition of
minority dopants in order to compensate shallow levels. The reasons for
and effects of this will be presented in Chapters 3 and 4. The required
counter-doping is calculated and carried out in the same manner as the

primary doping. In this work, master alloys of Ge:P and Ge:Sb were used.

2.1.2 Ge:Zn Single Crystal Growth

The problems presented by Ge:Zn crystal growth are different than
those for Ge:Be, and perhaps more formidable in practice. Although Zn
does not oxidize as readily as Rc, it does have a very high vapor pressue

(1.27x103 torr at 960°C) and so tends to evaporate from the melt during
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crystal growth. This has two effects. First, it depletes the melt of
electrically active Zn and causes a change in the segregation profile
similar to that for depletion of the melt due to oxidation. Secondly, it
leads to serious contamination of the high purity Ge crystal growth
facility. Growth of material doped with high vapor pressure dopants (Zn,
Hg, Cd) is normally done by vapor doping in a sealed capsule (11).
Alternately, a zone leveling technigue is used in which the dopant can be
added at several points during crystal growth. Since neither of these
options was applicable or desirable for use in our laboratory, a limited
number of crystals were grown using the Czochalski technique.

The Ge:Be and Ge:Zn crystals grown throughout the duration of this
work are summarized in Table 1. A1l the materials for photoconductive
devices were taken from these crystals. This collection no doubt

represents the largest reserve of beryllium doped Ge existing in the

world today.

2.2 Variable Temperature Hall Effect

In addition to photoconductivity measurements, three electrical
techniques have been used to characterize the detector material:
variable temperature Hall effect, photo-Hall effect, and deep level
transient spectroscopy. The latter technique has been used only when
guestions of possible deep level contamination arose and will not be
extensively discussed. By far the most important information concerning
the electrical and optical behavior of a device based on a multilevel

semiconductor is obtained from variable temperature Hall effect

measurements.
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TABLE 1

Ge:Be and Ge:Zn Single Crystal Material

Crystal Growth Condition Master Alioy Residual doping
Ge:Be
703 Carbon susceptor, Ge:Be Head: Np>Np
: vacuum Tail: Na>Np
706 Carbon susceptor, Ge:Be Head: Np>Np
vacuum Tail: Np=Np
707 Carbon susceptor, Ge:Be Head: Np>Np
vacuum Tail: Na>Np
710 Carbon susceptor, Ge :8Be Head: Np>Na
’ vacuum Ge:P Tail: Np>Np
719 Carbon susceptor, Ge:Be Head: Np>Np*
Ha Tail: Np>Np*
722 Carbon susceptaor, Ge:Be Head: Np>Np*
D2
727 Carbon susceptor, Ge:Be Head: Np>Np
vacuum Ge:Sb Tail: Np>Np
728 Carbon susceptor, Ge:Be Head: Np>Np*
Ho Ge:P Tail: Np>Np*
Ge:Zn
714 Si02 crucible Ge:Zn Head: Np>Np*
Ho Tail: Na>Np*
715 Carbon susceptor Ge:Zn Head: Na>Np
' No Tail: Np>Np

*As grown condition including H-related complexes.
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Hall effect measurements in combination with resistivity measurement
yield independent values for the free carrier concentration and
mobility. The theory for the freeze-out of extrinsic semiconductors
under thermal equilibrium is well established and reviewed (29). These
equations are summarized and a brief description of the apparatus is
given in Appendix 2. Variable temperature Hall effect data are necessary
for the characterization of multilevel systems because any room
temperature measurement is dominated by the primary dopant. There are no
neutral Be or Zn centers at room temperature, and these impurities are
present in concentrations of 101%-101% w3, Clearly this
concentration of free noles makes it impossible to learn anything about
residual impurities at a level of 1011 cm'3. Only by making the
measurement of free carrier concentration over a wide temperature range
can the contribution of the shallow levels be observed. This is
illustrated schematically in Figure 9 for Ge:Be. In case B,
ND>NA(sha110w)’ and the shallow acéeptors are fully compensated at
all temperatures. They do not contribute any free holes. If
NA(sha]]ow)>ND’ then NA-ND acceptors remain which will be neutral
at T=0 K. Their effect on the free hole concentration at low
temperatures can be seen in case A.

In practice, the data obtained from variable temperature Hall effect
in Ge:Be and Ge:Zn does not appear like the schematic pictures. The
ionization energies of the first ionization of Be and Zn (24.5 and 33
meV) and the ionization energy of the shallow acceptors (~11 meV) are
close enough that long plateau regions are not observed. Estimates of
absolute concentrations are made from the points where the slope
changes. Figure 10 shows two actual examples of materials which

illustrate the schematic cases of Figure 9.
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One effect of the residual shallow levels on the performance of a
photoconductor is immediately evident from consideration of Figure 10.
Two materials, with the same concentration of Be, can have free carrier
concentrations differing by many orders of magritude at T = 4.0 K.
Resistivity data (Figure 11) from these two samples illustrate the point
more clearly. In the absence of any photon flux, or with a very low
photon flux, sample A would have significantly less "dark current”, or
background current, than sample B. This means less noise associated with
thermal generation and recombination and a potentially more sensitive

detector depending on observing requirements and background flux.
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Mobility data at low temperatures are also necessary to fully
characterize the photoconductor. Photoconductivity measurements lead to
a value for the responsivity, or photoconductive gain, which is a product
of mobility and lifetime. An independent measurement of u(T) is required
in order to determine the free carrier lifetime. The various mechanisms
for carrier scattering and their temperature dependence will be discussed
in Chapter 3.

Variable temperature Hall effect measurements were performed on all
the crystals listed in Table 1. Quantitative results will be presented
as required, but the jualitative results are included in Table 1. One
sees that NA(sha]]ow)>ND was the more common result from our crystal
growth conditions. Complete compensation of shallow levels was generally

only achieved with counterdoping.

2.3 Photo-Hall Effect

Photo-Hall effect simply measures the free carrier concentration as a
function of temperature in the presence of a photon flux p. There are
two important pieces of information which can be obtained from photo-Hall
effect which cannot be obtained from the freeze-out measurements in
thermal equilibrium in the dark. In many cases which are of interest in
this work, the residual shallow acceptor and donor concentration are
quite close (NA=ND) and only an indication of the net concentration
[NA - ND] is obtained from the Hall effect result. Also, data from
Hall effect in the dark does not provide any information about free
carrier lifetime.

In the presence of a photon flux, however, the free hole

concentration at sufficiently low temperature wil be dominated by optical
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generation. If the hole concentration p(T) is expressed as

PT) = Pypormar * Poptical (2.3)
Nv exp(E/kT) + pt (2.4)

and, if the thermal term is negligible, then
P(T) = pr =p/(Njocv>) (2.5)
where ND is the compensating donor concentration, ¢ is the
recombination cross section, and <v> is the mean thermal velocity of the
free carriers.

For a known flux, then, the photo-Hall data provides a measurement of
the free carrier lifetime. In addition, if p<<ND and if the
recombination coefficient is known, then the absolute donor concentration
can be determined. In combination with standard Hall effect data, all
the doping parameters can, in theory, be determined.

The photo-Hall effect has been used primarily in this work to
determine 1t (T) over a wider temperature range than can Le studied with
the photoconductive devices. The photo-Hall effect work presented in
this thesis was performed by Thomas A. Germer as part of a senior thesis

in the Physics Department, UC Berkeley.

2.4 Photoconductor Fabrication

Selection of photoconductor material from points along the axis of
the ~1 kg Czochralski-grown crystals was based on room temperature
resistivity measurements to determine Be or Zn concentration and Hall
effect data on the residual shallow levels. Optimum Be concentration for
photoconductors has previously been determined to be approximately
5x1014—1x1015 cm"3 (17). Extensive performance characterization

of Zn detectors has not been done, but a value of approximately 1015 cm'3
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or slightly higher would be expected to be an optimum value. Slices of
~1 mm were cut perpendicular to the crystal growth axis (<113> for most
cases considered here). The thickness of the slice was determined by the
desired inter-electrode distance and varied over a range from 0.2 to 3.0
mm. One mm was the standard value for all results unless otherwise
stated.

The slices were lapped with #600 SiC grit to remove saw damage. The
wafer surfaces were polish etched in a 4:1 mixture of HN03:HF, rinsed
with electronic grade methanol, and dried with boil-off NZ'

Immediately prior to implantation, the Ge slice was immersed in 1% HF to
remove surface oxide. Boron implanted layers (1x1014 cm'z, 25keV and
2x1014 cm'z, 50 keV) were used to provide degenerately doped p+

contacts at low temperatures (30). (A discussion of the theory of
implanted contacts is presented in Chapter 5.1) Layers of Ti or Pd (500
A) and Au (8000 A) were deposited by Ar sputtering to protect 2
implanted layer and provide areas for electrical contacts as well as
mechanical mounting. After metallization, the finished slices were
heated to 300°C for approximately one hour under Ar gas to anneal damage
from the implantation and relieve stress in the metal layers.

Final devices of desired geometry were cut from the finished wafer.
A common detector size was 1x1x3 mm3 with 1 mm between the contacts.

The bare detector surfaces were polish etched as previously described.
The Au layer is not attacked by the etchant. Detectors were either
soldered with pure In or glued using a silver-loaded epoxy to a 1 mm
diameter carbon steel shaft and then mogunted inside a brass integrating
cavity with a 1 mm aperture (Figure 12). Integrating cavities are often

used in the testing of Ge detectors because of the small value of the
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absorption coefficient which leads to a small quantum efficiency for

single pass configurations.
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Figure 12

Detector configuration and mounting

2.5 Photoconductivity Measurements

In order to evaluate photoconductive behavior under the low
background conditions encountered in space applications it is necessary
to have a specially designed cryostat in which all stray radiation is
eliminated from the detector environment. The dewar used for
photoconductor testing is shown in Figures 13 and 14. It was obtained
from Infrared Laboratories, Tucson, AZ (Model HD3). A 1liquid helium
space with a volume of approximately one liter is shielded with a liquid
nitrogen temperature jacket. A common vacuum space provides thermal
insulation as well as an evacuated space for the detector. The working
area is a thick copper plate in contact with the liquid helium bath. The

detector in its cavity and all its surroundings are heat sunk to this



Figure 13
External view of testing dewar and chopper

Figure 14

Internal view showing detector, filters
and preamplifier
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plate with screws and pure In foil.

The photon signal incident upon the detector is produced externally
and cold-filtered within the dewar. An external Au-plated metal chopper
is used to switch the IR source between variable temperature black-
bodies. Most commonly the signal was produced by chopping between a 77 K
blackbody (immersed in LN) and the 300 K radiation from the back wall of
the chopper box. An Electro-Optical blackbody source (Model 311) with a
temperature range of 20-1000°C was also used as a radiation source.
Inside the dewar, a rotating wheel with a mechanical connection to the
outside allows an internal aperture (¢=1 mm) to be opened and closed.

The low background condition for detector testing is achieved with a
combination of reduced filter transmission and the geometrical factor
imposed by the size of the apertures and the distance between them.
Although an exact value for the photon flux was generally not required
for the evaluation of the transient and temperature dependent behavior,
such calibration is critical in determining absolute values for detector
performance such as responsivity and NEP. At these wavelengths it is
also necessary to perforin a diffraction analysis of the relevant geometry (18

The narrow band filter trains consist of Fabry-Perot mesh filters and
Reststranlen salt filters (31). These fiiters were fabricated and
characterized by D. M. Watson in Professor Charles Townes' group in the
Physics Department, UC Berkeley. Table 2 contains descriptions and
measured tranmissions for the filters used for testing at 36 and 42 um.
The filters are independently mounted along the optical axis on sliding

baffles and are heat sunk directly to the copper plate by two screws and

pure In foil.



TABLE 2

Filter Characteristics

Apeak (um) Components Trans (%) BW (um) qQ

42.8 42 ym Fabry Perot 13 0.79 85 = 4
0.7 mm LiF
0.5 mm KBr
2 monolayers 5-10 um
dijamond dust

36.6 36 um Fabry Perot 7.8 1.09 52 = 2
0.7 mm LiF
0.5 mm KBr
2 monolayers 5-10 um
diamond dust

The detector is located inside its integrating cavity at the far end
of a Cu box. Speciai care was taken to make the box light tight. A
double cover with a meandering pump-out groove was used, and all surfaces
within the box are covered with 3M flat black paint so that, with the
shutter aperture closed, the detector should see no other radiation than
the 4K blackbody radiation of its surroundings. The glass feedthrough
for the detector leads is opaque to far-IR radiation.

The photoconductor signal is amplified by a standard transimpedance
amplifier (32) shown in Figure 15. The input stage consists of two
matched junction FETs (J230 selected by Infrared Laboratories). The
JFETs are located inside a light-tight Cu housing with opaque
feedthroughs. They are mounted off the liquid helium temperature plate
on a thin wall fiberglass tube. A 1 kfl resistor is glued witin epoxy to

the JFETs. A constant voltage applied across the resistor together with



33

the power dissipated by the JFETs keeps the operating temperature at

approximately 77 K.
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Figure 15
Transimpedance amplifier (TIA) schematic

The feedback resistor connecting the ouput to the gate of the FET is
generally an Eltec Model 102 with a room temperature resistance of
1010(1. For lowar impedance detectors or for elevated temperature
operation, 109(1 resistors are sometimes used to increase the range of
measurable currents. The voltage drop across the feedback resistor
(i.e., the output voltage) is divided by the feedback resistance to
obtain the value of the current flowing through the detector under fixed

bias voltage.
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Chapter 3  Temperature Dependence of the Responsivity in Multi-level Systems

3.1 Theoretical Background

The responsivity of a photoconductor, defined in Egn. 1.6, is
temperature-dependent because both the free carrier lifetime and the
mobility may be functions of temperature. If one considers first a
simple system, such as Ge:Ga, in which there is one acceptor level and
compensating donors, then it is easy to derive an expression for the free
carrier lifetime. The lifetime of the free hole will be determined by
the number of ionized acceptors (N;) with which it can recombine and
the capture cross section associated with each center. Ionized acceptors
are produced either through photo- or thermal ionization of neutral
acceptors or through compensation by donors (i.e., N;=p+ND). The

free carrier lifetime T is given by

Tl (3.1)
o <V> N].

If one considers only cases of very low photon backgrounds, and low
temperatures such that thermal generation is negligible, then p<<Nd and
e (3.2)

The lifetime is therefore inversely proportional to the compensating

T = (o <v> N

donor concentration in p-type material, and so the responsivity, as well
as the electrical response time of the device, are determined by the
degree of counterdoping.

The temperature dependence of the lifetime arises then from changes

in the capture cross section and mean thermal velocity. The latter is

1/2
> = 8] (3.3)
m

assuming an average velocity for a Maxwell-Boltzmann distribution. This

given by
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assumption is often used because the free carrier energy distribution is
unknown. The earliest theory for the temperature dependence of the
capture cross section was developed by Lax in 1960 (33) and remains the
generally accepted model today, although some modifications have been
suggested (34). Lax proposed a model in which the free carrier is
captured in a "cascade" process in which it gives up its energy in a
series of phonon producing transitions through the excited states of the
jonized center which has a screened 1l/r Coulomb potential. This analysis
led to a temperature dependence of T'4 for o. Abakumov in 1978
suggested that Lax's calculations of the sticking coefficent, a measure
of the probability of recombination at each excited state, for the
various excited states were incorrect and that the temperature
coefficient was actually T‘3 at higher temperatures and T-1 at Jow
temperatures. A collection of literature values complied by Abakumov is

given in Figure 16 for capture by various impurity centers in Ge.

Figure 16

Capture cross section for free holes by ionized
centers in Ge (Ref. 34)



The mobility of free holes in p-type Ge has been modeled
extensively. Table 3 summarizes the contributions of phonon, charged
impurity, and neutral impurity scattering and lists appropriate
references. At the temperatures at which Ge photoconductors are usually
operated (T<10 K), one sees that the impurity related scattering is
dominant. The value of the mobility at any given temperature, as well as
the temperature dependence in any temperature range will be determined by
the concentration of both neutral and charged impurity centers and their

relative contributions to free carrier scattering.

TABLE 3

Scattering Mechanisms in P-type Ge

Mechanism (cm 2/(V sec)) Reference
Acoustic phonan uy = 3.4x1077-1.5 1,2,3
lonized impurity o 1.7x10%81-2 3,4

Ny In (1 + 8x108T2ND‘2/3)

Neutral impurity un= 1.1x1020/(NA~ND) * 3,5,6

1. Norton P and Levinstein H, Phys. Rev. 80, 72 (1950).

2. Brown D M and Bray R, Pnys. Rev. 127, 1593 (1962).

3. NASA CR-166,605 "Conceptual Design of a Hybrid Ge:Ga Detector

Array, Aerojet Electro Systems Co., Azusa, CA
. Conwell E and Weisskopf V F, Phys. Rev. 77, 388 {1950).
Erginsoy C, Phys. Rev. 79, 1013 (1950).
Blakemore, J S Phys. Rev. B 22, 743 (1980).
Value for Ge:Ga - depends on specific dopant

* Oy S
. e
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Combining the effects for both u and 1, one obtains the following
temperature dependence of responsivity for the operating temperature
range of Ge:Ga photoconductors:

NA>>ND (neutral impurity scattering) R~T2'0

NA>ND (charged impurity scattering) R~T3'5

In a multi-level system, however, the temperature dependence of the
responsivity is more complicated and can be much more strongly
temperature-dependent. The first evidence of this was observed in Si:In
detectors developed for the 3-5 um atmospheric window. Models which
explain this behavior have recently been proposed (35,36) and the
agreement with experimental results for Si:In has been good. These
models should also be applicanle to the temperature-dependent behavior
for Ge:Be and Ge:Zn, with appropriately scaled temperatures and electric
field effects to reflect the smaller binding energies of shallow levels
in Ge.

The model proposed by Alexander et.al. (35) is based on the
calculation of the generation-recombination equilibrium in a space charge
neutral detector under a constant background flux Q. One obtains an
expression for the derivative of the hole concentration with respect to
flux (dp/dQ) as a function of temperature. The results of the model are
summarized in Table 4. One sees that for very close compensation of the
shallow acceptors (NA=ND), large values of responsivity are predicted
since the value of dp/dQ increases exponentially with temperature.

Phenomenologically, the model predicts that there will be a large
step-1ike increase in free carrier lifetime as a function of temperature
in detectors where the shallow levels are closely compensated. The

increase in lifetime begins to occur approximately at the point when
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TABLE 4

Temperature Dependence of Responsivity for Multi-level Materials*

Na>NDp Na=Np Na<Np

0 0 0
R~NNE R~NNE R”;:cc
D9 pJ 9

I3

12 13
11 f—\ .1 lf_\

£9 - jonization energy of primary dopant (eV)

Np - shallow acceptor concentration (cm=3)

Np - donor concentration (cm=3)

R - responsivity

NO - primary dopant concentration (cm-3)

o - optical cross section (cmé)

g - degeneracy factor

€ - recombination coefficient (cm3/sec)

Q - photon flux (cm—2s-1)

Ng - shallow acceptor conc. (assuming B dominant)

Eg - shallow acceptor ionization energy (eV)

k - Boltzmann's constant (eV/K)

T - temperature (K)

* Assuming an acceptor majority dopant. Subscripts can be
transcribed symmetrically for n-type material. Np refers

only to shallow residual levels and does not include
primary dopant
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i.e., when the rate of thermal generation from the shallow levels becomes
large with respect to photogeneration. This process is illustrated in
Figure 17. The case at left represents the photoconductor at
temperatures T<Tcritical where photogeneration of holes is the dominant
process from both levels. In this case, the shallow acceptors are
neutral; they are initially ionized due to compenstion but then capture
free holes. The probability of ionization due to photoionization is
small because of the much larger concentration of the semideep level.
This equilibrium state in the presence of a photon flux is in direct
contrast then to the equilibrium state in the dark. The semi—deep Tevel

will be partially ionized rather than the shallow levels.
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Figure 17
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As the temperature is increased, thermal generation from the shallow
levels becomes important and the number of ionized shallow levels
increases. In the exactly compensated case, it is possible for the
shallow acceptors to become fully jonized due to thermal generation.

Free holes have a small probability of recombining into the ground state,
leading to very long carrier lifetimes and high responsivities. One must
keep in mind during this analysis that we assume that the number of

ionized sites due to photoionization is small compared to the number due
to compensation. This is always true in the operation of low background

detectors.

3.2 Modeling of Ge:Be Experimental Results

Data showing this strongly temperature dependent behavior in Ge:Be
were first published in 1982 (17). Figure 18 shows a log-log plot of
responsivity versus temperature for a number of Ge:Be detectors, showing
in several cases the strong deviation from the power law dependence which
would be expected from considering only the temperature dependence of the
capture cross section. In one case, the temperature range has been
extended beyond 4.2 K to show the R(T) behavior after the step. Sample
710-14.3 was taken from a crystal which was intentionally counterdcped so
that the shallow acceptors were overcompensated. In this case, no strong
temperature dependence is observad.

The model proposed by Alexander et.al. would appear to apply directly
to the case of Ge:Be and to explain qualitatively all the observations.
However, there are several features requiring further discussion. First,
the modeling done by Alexander et.al. neglects the temperature dependence

of the recombination coefficients, and therefore comparison of experiment
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Responsivity as a function of temperature
for four Ge:Be detectors.

to theory is only possible in Si at high electric fields where the field
effect eliminates the contribution of the higher excited states to the
recombination process. In Ge far-IR detectors, this temperature
dependence of o cannot be neglected, since detectors are operated at low
fields and low temperatures where trapping by the excited states is
important. In contrast, the Poole-Frankle effect, which is included in
the Si modeling, is less important for the low field Ge case.
Measurements of the temperature dependence of the capture cross

section for T<4.2 K are not extensive. The data collected by Abakumov

3

indicates that the T~ ~ dependence holds to below 3.0 K. For this
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reason, a T'2'5 dependence for the product <v>c was assumed in the
modeling of the Ge:Be responsivity.

Figure 19 compares the results of the numerical calculation of
responsivity as a function of temperature with the experimental data for

a Ge:Be detector. The conversion from dp/aQ to measured responsivity

values is given by:

R (A/W) = -—‘C-x—e““—% (3.5)

where A is the detector area, V is the applied bias, and L is the

intercontact distance.

3
10
2
10
; , /.’/ -
= T
= 1 s,
= 10 </
& I
s i
3 /
; . //
0 /
0L /
/
»
/
/.
1
10
00 20 20
T (K
Figure 19

Responsivity as a function of temperature for
a closely compensated Ge:Be detector. The dashed
1ine is the theoretically calculated curve.



It is important to note that there are no fitting parameters in the
calculation and that absolute values for responsivity, as well as the
shape of the curve are calculated. The deviation of experiment from
theory in determining the exact temperature at which the strong l1ifetime
increase occurs may be due to uncertainty in the calculation of the
photon flux or in the magnitude of the capture cross section. The
temperature of the device in the range from 2.0 to 4.2 K is believed to

be accurately known to within 0.05 K.

3.3 Methods for Obtaining Close Compensation

In order to obtain the very high values of responsivity predicted for
the exact compensation of shallow levels, it is necessary to be able to
control the concentrations of the shallow donors and acceptors. The
difficulty of this is apparent, since, at least for the case of high
purity material, these levels are present only as residual impurities.
There are two methods that are commonly used to closely compensate
residual shallow impurities. The first, which was used in the work on
the Si:In detectors, is neutron transmutation doping (NTD) (37). This
technique produces a uniform distribution of phosphorus dopant in Si, and
the concentration is proportional to the total neutron fluence incident
upon the material. NTD could also be used in Ge although the process
would be less efficient since the transmutation of Ge leads to the
production of both donors and acceptors with a fixed compensation ratio
of ND/NA ~ 0.4 (38). Because more shallow acceptors are produced in
the case of Ge, one can only compensate crystals which initially have net
donor concentrations. A second approach is to determine the net residual

impurity concentration under routine crystal growth conditions and then
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counterdope in the melt to attempt to compensate to the required level.
This is a less controlled method, but can be done if high purity growth
conditions lead to reproducible results.

A third approach, however, which has been investigated experimentally
here for the first time is to coatrol the shallow level compensation by
controlling the concentration of several novel shallow acceptor
complexes. The following sections will describe the discovery and
characterization of these centers, their annealing behavior, and the

effect on free carrier lifetime and photoconductive responsivity.

3.3.1 Be-H and In-H Complexes

A number cf hydrogen-related complexes have been observed and modeled
in high purity germanium (39). Impurity-related complexes such as Zn-Li
in Ge and Be-Li in Si have also been observed (40,41). 1In the course of
this work, two new shallow acceptor cumplexes, denoted A(Zn,H) and
A(Be,H), have been discovered in Be and Zn-doped material grown for
photoconductor applications (42,43). These centers were first observed
by R. E. McMurray Jr. in the process of characterizing these materials
using photothermal ionization spectrocopy (PTIS).

The first evidence for the Zn-H complex is shown in the PTIS spectra
of Figure 20, where a new set of lines with spacing identical to the ones
of shallow acceptors, not associated with any known complex or elemental
impurity, can be seen. The ground state of the complex is at Ev+ 12.53
meV. The association of this complex with hydrogen is supported by the
absence ¢ these lines in a Zn-doped crystal grown under a nitrogen
atmosphere. In this group II ~ hydrogen complex, the hydrogen appears to

act as a donor and give its electron to the complex, changing a double



acceptor into a sirale shallow acceptor. This is interesting because
hydrogen has previously been shown to behave in the opposite way. It
binds an extra electron in an empty orbital in the cases of D(H,0),
A(H,C), and A(H,Si) (39).

A Be-doped crystal was grown under hydrogen in order to look for

evidence of an analogous Be-H complex. Figure 21 shows the resulting
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PTIS spectra at T = 6 K
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spectra, indicating two new sets of lines with ground state energies of
11.29 and 10.79 meV which are attributed to a Be-H complex with a split
ground state. This center was observed in both H2 and D, grown
material, although no isotope shift could be detected.

Further evidence for the existence and identification of these
complexes has been given by variable temperature Hall effect data. The
concentration of these complexes can be reduced by thermal annealing and

the change in concentration as a function of time and temperature can be
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monitored with Hall effect measurements. This is shown for both the Be-H
and Zn-H cases in Figures 22 and 23. In both cases, the crystal charge
was prepared such that ND>NA(e1emeta])' although initially

NA(elemental) + NA(comp]ex) > ND. One observes in this material

first a decrease in the net shallow acceptor concentration and then a
shift from undercompensation to overcompensation of shallow levels. Note
that the complexes are initially present in a concentration of about 1
percent of the primary dopant. This is a high concentration compared to
the concentrations of other known complexes in Ge, but it is not high
enough to cause any measurable change in the elemental Be concentration
during the annealing process.

The crystal charges used to grow these crystals were summarized in
Table 1. It was necessary to counterdope the Be crystals to obtain the
ND>NA condition. In general, B and Al are present in higher
concentation than the compensating donors in the Be doped crystals. This
is consistent with the observation that all the high purity Ge crystals
grown directly fram a carbon susceptor are p-type. In the Ge:Zn case,
the ND>NA condition was obtained in one crystal without
counterdoping. This crystal was grown from a silica crucible which
releases much smaller concentrations of Al and B. It is also possible

that the Ge:Zn master alloy itself was a source of n-type impurities.

3.3.2 Annealing Behavior of Be-H and Zn-H Complexes

The concentration data obtained from the Hall effect measurements can
be used to determine the rate equation for the annealing of the H-related

complexes. As a model for the annealing of the complexes, we will assume
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a dissociation of the Zn-H or Be-H, followed by out-diffusion of the free
H. The temperatures required to see a measurable decrease in
concentration after a one hour anneal were ~650°C for Zn-H and ~550°C for
Be-H. At these temperatures, a calculation of the out-diffusion of H
from a 1.0 mm Ge slab indicates that 99% of the H will have left after 1
hr at 600°C (44). Using this result, we assume that the dissociation of
the complex is the rate-limiting step for thin samples. This assumption
is supported by the fact that the Be-H and Zn-H complexes begin to anneal
at different temperatures, indicating that the rate-limiting step is
dependent on the binding energy of the complex rather than the H
diffusion.

The decrease in complex concentration as a function of time for two
different annealing temperatures is shown for the Zn case in Figure 25.

If one assumes a first order reaction for the rate equation

n = Ny exp (-t{vexp(-E/kT))) (3.6)
the following values are obtained for the prefactor v and the dissociation
energy Ed:

Zn-H v

3x1012 -1 £

3x108 -1 Eq

The values of the dissociation energy for these complexes are

3.0 £ 0.3 eV

Be-H v

2.1 £ 0.6 eV

significantly higher than for other H-related complexes. They are
consistent, however, with the observation that Cu complexes in Ge are
stable to temperatures in excess of 700°C (45).

The development of a microscopic model for this system relies heavily
upon symmetry data obtained from piezospectroscopy. Preliminary results

indicate that the Be-H center is stress-insensitive, i.e., the ground
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state does not split under stress, while the Zn-H center splits under
conditions which indicate an orientation of the defect along the [111]
axis. Models for tetrahedrally symmetric, hydrogen-related centers, with
a hydrogen tunneling in the vicinity of a substitutional impurity have
been proposed for a number of centers (41). The observation of a Zn-H
center with a [111] orientation may be indicative of a different case in
which the H is locked in a fixed position. Work on these models is in
progress, with the goal being to propose a comprehensive model to

describe the behavior of Be-H, Zn-H, and Cu-H complexes.
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3.4 Effect of Compensation on Free Carrier Lifetime and Responsivity

Although models have been propesed and used to fit several
experimental cases of the temperature dependence of responsivity for
Si:In, no systematic study has yet been done to show the increase in free
carrier lifetime with increasing degree of compensation of the shallew
levels. This can be done using the photo-Hall technique to measure free
carrier lifetime as a function of temperature, as described in Chapter 2.
The difficulty in carrying out such an experiment has previously been that
no means was readily available for changing the compensation in a
sensitive enough manner near the point of exact compensation.

The annealing of the Be-H complex was used to obtain several samples
with increasing degree of compensation. These samples are labeled A
through C in Figure 26, which shows the Hall effect data in thermal
equilibrium and the photo-Hall data}in the presence of a constant photon
flux. The flux source was a 300 K blackbody which entered the sample
chamber through a small (d = 0.2 mm) aperture. In Figure 27, the region
of the lifetime increase has been expanded and plotted as log (p) versus
Tog (T). The increasing magnitude of the lifetime increase and the strong
deviation from the power law in T as the degree of compensation is
increased are clearly visible.

A second example of the effect of shallow level compensatiaon on
photoconductor responsivity wa; observed when photoconductors were
produced from different sections along the length of a crystal which
became more closely compensated with increasing distance from the seed
end. Hall effect results for four slices are compiled in Figure 28. One
sees that the shallow levels in the crystal actually form a junction at a

certain distance from the seed, so that NA( ) > ND at the seed

shallow
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end, while ND > NA(sha]]ow) at the tail. Responsivity values as a
function of temperature for some of the detectors are plotted in Figure
29, showing that the increase in responsivity corresponds to an increasing

degree of compensation.
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Hall effect data for Ge:Zn samples from crystal 714
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Another feature is evident in the freeze-cut data for the closely
compensated case. Near the junction, the freeze-out slope does not show
the benhavior typical of either a clearly under- or over-compensated
case. Instead, the sample continues to freeze-out with an intermediate
slope of ~15 meV down to very small values of carrier concentration.
Since it is unlikely that the compensation is really as close as 1 part
in 104 (108 out of 1012 cm°3), some other mechanism must affect
the concentration as measured by Hall effect. This behavior has been-
observed a number of times in sampie: near junction. In all cases,

however, these samples were taken 7rom the tail end of the crystal,
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raising the possibility that there may be dislocation effects which
affect the Fermi level or provide a conduction path which affects the
measured Hall voltage at high values of sample resistivity. Striations
will also become important when the materials are very closely
compensated. In close analogy, it is known that ultra-pure silicon often
does not show either p-type or n-type conduction at low temperatures. It

is assumed that the material consists of islands of both types.

3.5 Summary of Material Parameters for Multi-level Photoconductors

Because of the significant role that residual shallow levels play in
determining the responsivity and dark current in a multi-level system,
the selection of optimized material for detectoirs such as Ge:Be or Si:Ga
requires full characterization of the material with regard to both
primary and residual dopants. In addition to the standard selection
criteria for material properties for photoconductors, one must also
determine, based on the operating temperature of a device and the
background flux levels expected during observation, whether enhanced
responsivity due to close compensation is a desirable goal. In cases
where the detectors are expected to be photon noise limited, high
responsivity is perhaps helpful in reducing the need for signal
amplification but will not lead to improved signal to noise performance.
If, however, the limiting noise source is amplifier noise or dark current
noise, then improved responsivity may improve the detection limit. An
attempt has been made, in Figure 30, to consider the factors invalved in
material selection of multi-level materials for low background astronomy.

Finally, an example will illustrate the use of Figure 30. Consider

an indium doped Si photoconductor being developed for a low background
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photons/sec) space application on a focal plane at T=3.0 K.

Indium doped silicon is grown using the floating-zone technique and

generally has a net shallow acceptor concentration due to the presence of

residual boron unless intentionally counterdoped.

Boron is hard to

remove from silicon because it has a segregation coefficient (ks=0'8)

very close to unity.

Perhaps, because of the low background and small

signals, cne desires to have as high a responsivity as possible in order

to overcome some fixed level of background noise, such as electronics
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related noise. Finally, suppose the resistivity in the as-grown case
(NA>ND\ is sufficiently high at 3.0 K to eliminate measurable dark
current noise.

To determine if one should counterdope (i.e., add donors) to attempt
to achieve NA=ND and high responsivity, one should calculate the
temperature at which the lifetime increase due to exact compensation
would occur. In this case, for p=pt= 103 cm-3, and E=45 meV for
boron, Tc = 17 K. Therefore, the focal plane temperature is so far
below TC that the responsivity will be given by

R ~ (ND) (3.7)
and the addition of n-type dopants would only increase ND and be
detrimental rather than beneficial in achieving the goal of high
responsivity. If, however, the resistivity of the as-grown material was
not high enough to eliminate dark currcnt effects, then counterdoping
would be required, with some sacrifice in responsivity. Analysis of a
similar case in Ge might lead to other conclusions because the shallower

levels in Ge means that enhanced responsivity can be achieved at lower

temperature for a given flux.
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Chapter 4 Transient Responses in Ge:Be and Ge:Zn Photoconductors

The study of the transient response of extrinsic photoconductors to
cnanges in photon flux has traditionally been the most challenging issue in
the field. Under conditions of very low photon fluxes, where carrier

densities can be as low as 10 cm‘3

. extrinsic photoconductors are well

known for exhipiting transient behavior characterized by long time
constants, memory effects, and highly non-linear behavior. Due to the
variety of different phenomena that have been observed, as well as the large
number of parameters involved and the analytical intractability of the
equations describing the non-steady-state, very little work has been done to
characterize or model transient behavior without recourse to empirical
description. Understanding transient phenomena, however, remains an
extremely important goal because the application of photoconductors dictates
that they are most often used in a transient fashion. Low background
astronomy observations are done using low frequency chopping to allow for
background subtraction and absolute calibration of the size of signals.
Transient behavior that is characterized by long time constants limits the
speed of the detector, extends the required observing time for a given
sensitivity, and limits the detector ac responsivity.

Ge:Be and Ge:Zn detectors have been shown to display, under certain
conditions, a transient response that is characterized by time constants on
the order of seconds. In this section, the existing mcdels for the
transient response of extrinsic photoconductors will be reviewed and found
to be inadequate to explain the observed behavior. An extensive study of
the transient benavior, as a function of temperature, bias, photon flux,
detector geometry, and materials parameters will be presented. Finally,

some theoretical modeling of transient phencmena which includes a realistic

model of near-contact space-charge-dependent behavior will be presented.
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4.1 Tne Space Charge Neutral Model

A simple model for the transient response of an extrinsic
photoconductor can be derived for low background operation if one assumes
a space charge neutral detector and neglects:all contact effects. In

this case, the rate equation for the change in free holes is given by

dp Ef- g ,
T = Q + Nv <V> exp'_TFTT—_ -<V>a P (ND+ p) (4.1)
optical thermal recombination
generation generation

where Q is the photon flux rate, Nv is the valence band density of
states, <v> is the average thermal velocity, Ef- EV is the Fermi

level referenced to the valence band, and o is the recombination cross
section. This expresssion assumes that optical and thermal generation
and cascade capture recombination are the dominant processes in the
material, neglecting other effects such as impact ionization, radiative
recombination, and Auger recombination. This is a very good

approximation for low background photoconductors operated at fields below

the hbreakdown field.
This rate equation can be written as
dp/dt =g - p/t (4.2)
where g is the sum of all generation terms and < = (o v ND)'1 since
ND>>p for low background flux. If we increse g by an amount ag then
dap/dt = ag - ap/ T (4.3)
For the case where ag arrives as a step pulse (ag=0 for t<t0,
ag=constant for t>to) then
ap=ag ¢t (1 - exp(-t/ t )) (4.4)
Since for low background work, 1 is not generally a function of the

photon flux, this model predicts that the transient response should be
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given by the lifetime of free carriers in the device and should be
symmetric with regard to growth or decay for small changes in photon
flux. It is from this model for transient response that one derives the
standard relationship between lifetime, compensation, and detector

bandwidtn.

4.2 Effects of Space Charge and Non-linear Behavior

Although it is of general use in predicting first order behavior, the
simple linear model for the space charge neutral photoconductor fails to
explain many of the phenomena which are observed during operation. This
is not surprising since photoconductors are actually non-linear devices
which are not space-charge neutral. Non-linear behavior arises because
the coefficients for recombination or impact ionization processes are
actually strong functions of electric field. Space-charge regions exist
near both contacts and may, under some circumstances, exist in the bulk
as well.

One of the earliest models for space charge related effects on
transient behavior was proposed by Williams in 1969 (46). He observed a

slow component (T >> T ) in the response of Ge:Hg under

lifetime
conditions where the photoconductive gain was greater than unity. This
was attributed to the "sweep-out" of carriers generated by external
illumination, leading to a space charge region in the device. Since the
relaxation of tne space charge was theoretically shown to occur with a
time constant of pee, (the product of resistivity and the dielectric
constant), the term dielectric relaxation has since been applied to this
phenomena. It is important to understand the predictions and limitations

of this theory, since it is often improperly invoked as an explanation

for any slow transient response observea in extrinsic photoconductors.
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The theory of carrier sweep-out and dielectric relaxation assumes a
restrictive boundary condition (ap=0 at the anode) so that no free
carriers are immediately available for injection. In this case, when a
pulse of light is incident upon the device, free carriers ap will be
produced and will move toward the cathode under the effect of the applied
field. Near the anode, a concentration ANK:AD of ionized acceptors
will be left. This space charge layer will produce an electric field

gradient, i.e.,

dE/dx = —EANa/eeo (4.5)
which integrates to

~AE(x)=—eNa(L—x)/eeo. (4.6)
The continuity equation is given by

dAN;/dt=(1/e)dJ/dx (4.7)

=upOdE/dx for J=EupoE
=—u.)0QAN;/€€0
Integrating, one obtains
aN_(t)=aN_exp(-t/t) where T =ce /(up e)=ce o (4.8)
Thus, the space charge region is neutralized with a response time
proportional to the detector resistivity.

This theory has been cited extensively when long time constants are
observed in extrinsic photoconductors. Its greatest success has been in
explaining the rolloff of photoconductive gain as a function of frequency
for high resistivity detectors with the more advanced forms of the theory
(47,48). However, there are several limitations to the model. The most
important is the assumption of a boundary condition of ap=0 at the anode.

This means that no free holes are readily available for injection at the

contact. There is no firm justification for this, especially in the case
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of an ohmic, ion-implanted contact which serves as a reservoir for free
carriers even at very low temperatures. A restrictive boundary condition
is a requirement for sweep-out to occur, and the fact that some behaviors
are well described by the dielectric relaxation theory indicates that
contact behavior may not be perfectly ideal. This will be discussed
further in Chapter 5. However, the boundary condition that ap=0 at the

contact seems to be more mathematically appealing than realistically valid.

4.3 Effects of Contact Behaviar

In 1959 Lampert and Rose published a phenomenological analysis of
the transient behavior of ohmic contacts (49). They proposed that the
response time of a photoconductor for current transients could, under
certain circumstances, be determined by the readjustment of the space
charge barrier at the contact. Figure 31 shows a schematic view of the
change that must occur in the injecting contact for an increase in current

through the solid.

Figure 31
Response of an ohmic contact to an increase
in bulk conductivity (Ref. 4y)
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By calculating the required change in the space charge distribution
to lower the energy maximum, the authors arrived at the folluwing
expression for the contact “"rise time":

1/2
: _A ekTNT (4.9)
c F 2 iy

e

where A is the contact area (cmz), F is the change in the carrier
generation rate ( #/sec), and NT is the concentration of space charge
(cm'3) which is assumed to be constant near the contact. For al mm2
device with a AQ=lx108 p/sec and Ny = 1012 cm'3 at 4.2 K,

3 seconds.

T c =6,2x10
The transient response predicted by this model is symmetric with

respect to rise time and decay time because it depends only on the change

in the excitation rate, AF. The important material paramete- is the space

charge, NT’ within approximately one Debye length of the energy

maximum. This model will be discussed more extensively in Chapters 4 and 5.

4.4 Transient Behavior in Ge:Be and Ge:Zn: Experimental

The transient response of Ge:Be and Ge:Zn detectors to a step
increase in photon flux was studied over a wide range of parameters. The
change in signal was caused by manually moving a reflecting gold plated
shutter which switched the detector field of view from the 77 to the 300
K blackbody source. The flux levels and flux change are given in Table
5. It is clear that, since 8P>p s this is not a case of small signal
response. [t is an experimental condition, however, which does
correspond to what the detectors often see in practice. The speed at

which the shutter was opened was approximately 20 msec. Although this is



65

TABLE 5

Photon Flux Levels for Transient Measurements

Detector Ge:Be Ge:Zn
x (um) 42 36

Background flux(p/s) 1.5x108 1.5x108
Bkgr. + signal (p/s) 8.9x108 1.1x109
Signal a (p/s) 7.4x108 9,2x108

a long time relative to the free carrier lifetime, we will see that it is
very short compared to the time constants which were observed.

The most interesting transient response which was observed, which
will be the subject of most of the experimental characterization, is
illustrated in Figure 32 for Ge:Zn and Figure 33 for Ge:Be. A slow
component is observed which increases in magnitude with increasing device
temperature. The time constant of the response, assumed to be the point
where the slow component attains 63% of its full value, ranges from <0.1
sec (the shortest time which could be detected experimentally) to greater
than 5 seconds for Ge:Zn and from <0.1 second to 2 seconds for Ge:Be.
Additional features of the response can be observed by considering the
compiled data in Figure 34, which indicates clearly that the
photoresponse is composed of both a fast and a slow component. The
magnitude of the fast component increases only slightly with incrcasing
temperature, while the slow component increases must faster so that, at
certain temperatures, it appears to fully dominate the photoconductive
response (see Figure 33e).

The time constant of the slow component decreases with increasing
temperature and has been plotted as a function of inverse temperature in

Figure 35. The activation energy associated with the slgpe is
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approximately 2.5 meV for the Be case and 3.2 meV for Ge:Zn. This is an
interesting result, since this energy does not correspond to any of the
jonization energies of the known elemental dopants in the material.
Nevertheless, these activation energies have been measured several times
and have been found to be relatively insensitive to changes in detector
bias or material doping, differing only by several tenths of an meV for
different devices.

Because an increase in detector temperature necessarily implies an
increase in free hole concentration (due either to increased thermal
generation or to increased lifetime), it was important to determine if
the faster time constant with increasing temperature was actually due to
increasing lattice temperature or the resultant increase in free hole
concentration. In order to separate these two effects, a separate
blackboay photon source (a 1 k§Q resistor) was p]acéd in the dewar within
the field of view of the detector. The temperature of this source could
be varied externally. Temperature changes at a constant flux could then
be compared to the effect of photon background changes at a constant
temperature, with both effects causing the same change in free hole
concentration in the device.

The results of this experiment are presented in Figure 36 for a Ge:Be
detector. One sees that the decrease in time constant is due to the
change in lattice temperature and not to the increase in background hole
concentration. The effect of increasing hole concentration is weak, if
any, over the measured range. Thus, the time constant is not directly
proportional to detector resistivity, an important indication that
dielectric relaxation is not determining the transient behavior. Because

these initial experiments indicated that this is a different behavior
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which is not predicted by existing theory, it was necessary to establish
the effect of the major variables affecting photoconductor performance:
temperature, bias, intercontact distance, detector size, and material

parameters.

4.4,1 Temperature

The temperature dependence of t was plotted in an Arrhennius plot in
Figure 35. Some additional points should be made in regard to this
data. First, the measured range cf time constants was limited on the
short side to 1 >0.1 sec. Faster time constants began to blend with the
effects of time constants associated with the opening of the shutter or
other roll-off effects in the device and the electronics. At the low

temperature end of the range, measurement was limited by the fact that
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the slow component became very small with respect to the total signal, so
that accurate measurement of its time constant was impossible.

The temperature dependence is replotted in Figure 37 as log{ 1)
versus log(T). The data fit a straight line, with power dependences of
_T-9.2 for a number of different samples. There is no theoretical

basis at this point for expecting the data to be fit by either a pawer

law or an Arrhenius relation in T.
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Time constant of the slow component
as a function of detector temperature

The amplitude of both the slow and the fast components is plotted as
a function of temperature in Figure 38. The amplitude of the fast

component increases much less rapidly with increasing temperature than
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the slow component. The power law dependence of the fast component is
difficult to determine because of the small temperature range over which
it could be distinctly separated from the slow component (i.e., when the
slow component is much larger, the fast component cannot be seen. See
Figure 33e). However, its temperature dependence is not unlike the power
law dependence which would be expected based on the temperature
dependence of the free carrier lifetime which was discussed in Chapter

3. The slow component data does not fit a power law in T, but one sees

that its temperature dependence is much stronger than that of the fast

component.
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Amplitude of slow and fast components
as a function of detector temperature
for a Ge:Be detector with slow response
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4,4,2 Electric Field

The time constant of the symmetric slow response did not vary with
increasing electric field over a range from 1.0 to 6.0 V/cm. The
amplitudes of both components as a function of bias are plotted in Figure
39. Both increase with increasing field and there is no evidence of
saturation of the fast component, as might be expected for sweep-out
mechanisms. The fast component displays a linear response at low fields
and approaches a V2 dependence as the field is increased and carrier
heating occurs. This is the standard I-V behavior of extrinsic

photoconductors. The slow component, in contrast, displays a superlinear

voltage dependence even at low bias.
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Amplitude of fast and slow component as a function of bias
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4.4.3 Intercontact Distance and Contact Area

The effect of the intercontact distance on the slow component
response was studied by varying the intercontact distance over a range
from 2.5 to 0.2 mm in detectors made from Ge:Be crystal 719-11.6. This
has the effect of changing the photconductive gain (G=ut E/L) by a factor

of 12.5 if detectors are evaluated at a constant field, V /L. The

bias
results are tabulated in Table 6 for three different temperatures at a
constant field of 1 V/cm. One sees that, at a2 cunstant temperature, the

time constant of the slow respons2 is independent of photoconductive gain

within the measurad range.

TABLE 6

Time Constant as a Function of Intercontact Distance

L (mm) T* (sec)

T=2.6K 2.73 K 3.0 K
0.2 1.1 0.4 0.15
1.0 0.9 0.4 0.2
2.5 1.0 0.45 0.10

* all values = 0.1 second

The time constant of the slow response was also evaluated as a
function ot contact area to determine the effect of current density
through the device for a fixed mobility, lifetime, and photoconductive
gain. Thié was accomplished by testing detectors with varying
cross-sectional area (1x1, Ix3, 3x3 nmz) in similar integrating

cavities under the same photon flux. If one assumes that the number of
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photons absorbed is constant in the cavity, then the total current must
be constant and the current density will scale inversely to detector area.

The effect of increasing contact area is illustrated by the
oscilloscope traces in Figure 40, With large area contacts, an
additional slow component appeared in the response. This component was
more pronounced for the increasing current transient than for the decay,
as indicated by Figures 40c and 40d. In Figure 41, theoretical curves
based on two exponentials, with 2>> T 1 were used to fit the
transient reponse. The appearance of an additional slow component is
evident by the deviation from the two exponential fit for the large area
case. One cannot conclude that the time constant increases with contact
area; it simply can no longer be described as:

St = Sl(l—exp(t/ T 1)) + 52(1- expit/ T 2))

One effect of increasing the detector size under fixed conditions of
illumination is that the near-contact illumination becomes increasingly
non-uniform. Non-uniform illumination of contacts or of the
photoconductor has previously been shown to cause anamolous behavior in
extrinsic photoconductors (50). To determine the effect of uniformity of
contact illumination, and to determine if the long time constant behavior
observed in all the photoconductors was due to that effect, a detector
was made in which the contacts were uniformly illuminated. This was done
by making a thin detector with contacts on the backside and using front
side illumination. This would fully illuminate the front side region and
the contact regions. The transient response associated with this
detector was included as Figure 41A, and one sees that a long transient
response still exists, but that it can be fit very well with ¢ wo time

constént model.
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The appearance of tnhe additional slow component for the large area
side-illuminated device makes it difficult to obtain a good value of the
time constant for the slow component which is common to all detectors.
The values for T and current density J are given in Table 7 for the thin

2, and the 1x3 mmz. The slightly longer time

detector, the 1xl mm
constant for increasing contact area may be due to the additional slow
component since a two time constant model was assumed in all the fits and
is clearly not correct even for the 1x3 mm2 cases. The conclusion of

the effect on 1T of current density then is that T is either independent
or very weakly dependent on current density, since J varies by a factor

of 15 while T varies by less than a factor of two in all cases for a

constant temperature.

TABLE 7

Time Constant as a Function of Current Density

Detector Area J T *
(mmz) (arb. units) {seconds)
T= 3.0K 2.73 K 2.60 K
0.2 15 0.2 0.4 0.8
1.0 3 0.2 0.4 0.9
3.0 1 0.3 0.5 1.1

* all values = Q.1 seconds
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4.4.4 Material Parameters

Although all of the Ge:Be and Ge:Zn photoconductors tested under low
background conditions (as well as all Ge:Ga detectors, which have also
been studied extensively) display "slow" transient behavior, the relative
amplitudes and response times of the slow components vary greatly in
different materials. Because contact fabrication was the same for all
the detectors, this indicates that the bulk material doping, whether in
the bulk or in the near-contact region, is a critical parameter in
transient behavior.

The growth conditions and results of crystal characterization for a
large number of detectors are summarized in Tables 8 and 9. The
indication of the presence of the slow time constant behavior of interest
in this study was based on the following criteria:

1. Was a slow component observed which was comparable in amplitude
at some point to the fast component?

2. Did the time constant of the slow component decrease and the
amplitude increase with increasing temperature?

The following trends can be observed from a survey of the detectors
which were studied:

1. The large slow component (>10% of the total signal) was only
observed in materials grown under a gas ambient. None of the
vacuum-grown Be crystals showed this type of behavior.

2. The large slow component was present in closely compensated
samples and increased in amplitude with increasing compensation.
Increasing compensation along the length of the crystal also results in
higher resistivity material for comparably doped material at a given

temperature. Samples taken from farther from the seed end of a crystal



Crystal No.

Growth
Conditions

Detector
Material

Zn Conc.
(cm-3)

Shallow
Level
Charact.

Stow
Transient
Observed

Ratio:
Slow/Fast

TABLE 8

Ge:Zn Detector Summary

714

CZ growth from Si0y crucible

under Hp
-4.8 -10.5 -10.5
As Annealed Annealed
Grown 126 Tin. 156 min.
660°C 660°C
9x1014 1015 1015
Na-ND Na-Np Na-Np
=1013 =2x1012 -1012 -
Np=4x1012  Np=6x1012  Np=6x1012
NO YES YES
T>4.2K T>4, 2K
- >1 >1

-10.5
Annealed

180 min.
660°C

1015

Np-Na
2x1012

Np=6x1012

NO

As
Grown

2x1014

NA-ND
=3x1012

NO

715

CZ growth from carbon
susceptor under N2

-6.7 -9.6 -10.5 -10.5
As As As Annealed
Grown Grown Grown 5 hrs.
660 C
2x1014 1,5x1014 1.5x1014 1.5x1014
- Na-Np Na=Np -
=3x1011
Np=8x10ll - - - -
YES YES YES YES
T>4.2K T>4.2K T>4.2K T>4.2K
<1 >1 >1 >1

6L



Crystal No.
Growth
Conditions
Detector ~5.6
Miterial
As
Grown

Be Conc. 1.5x1014
(cm=3)

Shallow Na-Np

Level 12

ChFracg =2x10
cm™ 5

Slow YES

Transient

Observed T=2-3K

Ratio:

Stow/Fast >1

-5.6

Annealed
90 Tin.
600 C

1.5x1014

Na-Np
=6x1011

YES
T=2-3K

>1

TABLE 9

Ge:Be Detector Summary

719

-5.0

Annealed
5 hgs.
660 C

1.5x1014

Na-Np
=6X1012

YES

T=2-3K

>1

CZ growth from carbon susceptor
under Hp

-7.0 -11.6
Annealedn As
1 hr 500 C Grown
after implant
1.5x1014 1.0x1014
NA-ND Na-Np
=2x1012 =2xl10l2
YES YES
T=2-3K T=2-3K
>1 >1

728

CZ growth from carbon
susceptor under vacuum

-4.6

As
Grown

5x1014

Na-Np
=1013

NO

-4.6

Annealed
2 hrs.
660 C

5x1014

Np-Na
=1012

NO

08
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also generally have a higher dislocation densi;y since the dislocations
multiply during crystal growth. l o

3. In the Ge:In crystal, the slow component behavior disappeared
when the shallow acceptors became overcompensated (i.e., change from
NA>ND to NA<ND).

4, Extensive annealing of both Ge:Zn and Ge:Be which did not cause a
change in shallow level compensation did not greatly affect the transient
behavior.

In order to determine if the slow transient behavior was also
present, though in a different way, in the vacuum grown crystals, a
comparison of DC and AC (20 Hz) data as a function of temperature is
compiled in Figure 42 for a variety of crystals. One sees that all
display evidence of slow components, but in the vacuum grown case, the
amplitude of the component is much smaller.

It is apparent from the collection of data that the materials
dependences of the phenomena are relatively complicated, since the
crystals do not vary greatly in terms of either primary or shallow level
doping and there are many parameters combinations to be considered. Deep
Tevel transient spectroscopy studies were done along the length of Ge:Zn
crystal 714 to determine if the appearance of any deep levels would be
coincident with the appearance of the large slow transient response. No
deep Tevels were detectable at any point, however, down to a limiting
010 Cm—3

concentration of =1 » equivalent to 1% of the shallow level

doping.
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DC and AC (20 Hz) responsivity as a function of
temperature for Hp grown and vacuum grown crystals
A) Hp grown B-D) vacuum grown

4.4.5 Lifetime Measurements

Measurements of free carrier lifetime as a function of photon flux
were made to determine if the slow transient response was caused by an
jacrease in lifetime with increased illumination. This was tested in the
following way. The transient response of the detector to a step function
increase in photon flux was measured to determine the amplitude and speed
of the response. Then, while maintaining the higher flux level as the
new background, an additional signal ap of the same size as the previous

sicnal was imposed. In this way it was possible to determine the
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responsivity at each level of background flux. The responsivity is a
function only of lifetime for a given detector at fixed electric field

and temperature. Results of the experiment are summarized in Figure 43.
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Figure 43



One sees that the photoconductive gain did not increase at the higher
flux level, but in fact decreased by ~20% . Tnhis could be a real effect
but is more likely due to the uncertainty (#20% ) in the calculation of
the photon flux which requires mixing the effects of the blackbody source
and the room temperature emission from the window. If the slow component
were due to an increase in lifetime, however, one would expect an
increase of a factor of 2-3 in responsivity since this is the increase in
responsivity due to the slow component in the transient, and this is
clearly not observed. This result also confirms earlier results showing
that the time constant t is not dirsctly proportional to the background
hole concentration. The decrease that was noted in t (~ a factor of 1.5)
may reflect a weak dependence on background flux or the heating of the
detector that occurs when the field of view of the dewar is filled with
the hot external blackbody. This heating is known to cccur because the
reading of the temperature sensing resistor indicates a temperature rise

when the radiation from the hot blackbody enters the dewar.

4.5 Discussion and Evaluation of Experimental Results

The unique features of the behavior which has been observed in these
detectors include a temperature-dependent transient with time constants
on the order of seconds, which is not dependent on electric field or
material resistivity. There are material dependences, and the phenomena
is observed only in closely compensated samples. We will survey the data
in order to compare it to our present understanding of transient behavior

and to see what features must be included in the development of new

models.



A survey of time constants associated with the measured transient
behavior, free carrier lifetime, and dielectric relaxation time for the
Ge:Zn and Ge:Be detectors is presented in Table 10. Free carrier
lifetimes, = 1> were determined from measured dc¢ responsivity values,
while the dielectric relaxation time constant, , can be determined
directly from a measurement of detector resistance and geometry, i.e.,

T ]=ReuE/(th) (4.10)

and T =PEEg. (4.11)

TABLE 10

Survey of Detector Time Constants

T T T
lifetime p slow component
(sec) (sec) {sec)
Ge:Be
T=27K 3x10-9 2.8x10-2 1.6
E=1V/cm
T=27K 8x10-9 1.4x10-2 1.7
E =6 V/cm
Ge:Zn
T =05.6K 2.5x10-8 3.0x10-3 1.2
E = 0.5 V/CITl
T=7.0K 1.5x10-8 5.5x10-° 0.9
E =0.5V/cm

Tne comparison between these time constants shows that the observed
response is orders of magnitude longer than both the dielectric time

constant and the lifetime. This conclusion is also supported by a number
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of experiments. The difference in the effect of increased background
flux versus increased temperature (Figure 36) showed that what is
important is not the resistivity or the concentration of free holes, but
rather the lattice temperature of the device. Dielectric relaxation, in
contrast, is resistivity dependent. Also, dielectric relaxation theory
predicts that the fast component should saturate with increasing bias
once sweep-out effects begin. This is also not the case here, as Figure
39 has shown. The first conclusion therefore is that the observed
response cannot be attributed to a lifetime controlled or dielectric
relaxation controlled process.

The correlation between the appearance of the slow component and
close compensation of many of the samples raises the question of whether
the lifetime increase due to close compensation discussed in Chapter 3
may be responsible for the slow component. The strong temperature
dependence of the amplitude of the slow component is explained by the
free carrier lifetime increase as a function of temperature that has been
gbserved in the Ge:Be and Ge:Zn detectors. Since the lifetime is known
to be increasing rapidly in the temperature ranges where the transient is
observed, one could posit that the t of the response is proportional to
the free carrier lifetime which is determined by the distribution of
trapped charge between the shallow and semideep levels. It is important
to distinquish between temperature dependence and flux dependence of the
lifetime. Results showing that the lifetime is not increasing with
increased flux indicate that the transient itself is not a result of
increasing lifetime. The total amplitude of the signal, however, is

exptained by the close compensation of the material.
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The analysis of annealed samples for several of the detectors
(719-5.6, 719-11.6, 715-10.4) was performed to determine if the
outdiffusion of H2 or any other trapped gases affected the transient
response. This question arose in view of the fact that the relative
amplitude of the slow component was largest in crystals grown under a
H2 or N2 atmosphere. In all cases where the annealing behavior did
not greatly affect the shallow level compensation, the transient behavior
was unchanged after annealing. One concludes that the H and H-related
centers which have previously been discussed in Chapter 3 and shown to
anneal away at these temperatures do not play a major role in the
transient behavior. '

The temperature dependence of the time constant of the transient
response can be analyzed from several perspectives. The "activation
energy" associated with the time constant (~2.5 meV for Ge:Be, ~3.2 meV
for Ge:Zn) indicates an effect involving shallow levels or contact
behavior rather than the primary dopant levels or the presence of deep
levels. Although energies of <5 meV do not correspond to any known
elenental dopants, one must remember that an illuminated photocnnductor
is rot simply in thermal equilib-~ium and that the Fermi level is actually
given by a quasi-Fermi level which, at low temperatures, is determined
entireiv by the photon flux.

Figure 44 shows the position of the quasi-Fermi level and the thermal
equilibrium Fermi level in the dark as a function of temperature for the
parameters listed. One sees that the quasi-Fermi level is less than the
ionization energy of the shallow levels for the temperatures and photon
fluxes at which the photoconductors operate. The quasi-Fermi level also

“ncreases with increasing temperature for a given flux, which may explain
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Calculated Fermi levels for illuminated and nonilluminated
material with: Nge = 5 x 1014 cm=3, Ny = 1012 cm-3,

Np =5 x 1011 em=3, ¢ = 1 x 10-12 em2,

Q= 5 x1010 pys.

why a higher "barrier" is measured for Ge:Zn than for Ge:Be. More
importantly, the only place in the device where barriers might exist
which are related to the quasi-Fermi level is in the near contact region
(See Chapter 5). This is the first experimental evidence pointing to
near-contact behavior as the source of the slow transient response.

Other experiments were designed to isolate the transient response as
a near-contact or bulk phenomena. Refering again to the current
equation, neglecting diffusion terms,

J = peuE + edE(x, ,,dt (4.12)

or dJ/dt = euEdp/dt + eupdE/dt + edE/dt? (4.13)

Current transients, therefore, must arise due to transient changes in



either electric field or hole concentration. Since the hole
concentration in the bulk of the sample is given by p=pt1, changes in free
hole concentration in the bulk will only occur if there is a change in
free carrier lifetime, neglecting sweep-out effects. The experimental
results showing that the free carrier lifetime is not increasing with
increasing illumination (Figure 43) indicates that the dp/dt term can be
neglected to first order, and that the current transient must arise from
slow transients in the electric field. Because the profile of the
electric field in a photoconductor is determined mainly by trapped space
charge near the contact, this is & second argument in support of the idea
that the slow transient is not a bulk effect.

Finally, comparing the experimental observations in Ge:Be and Ge:Zn
to Lampert and Rose's theory for the transient behavior of ohmic
contacts, one finds that, although the theory cannot account for all the

experimental results, it does predict certain features. Recalling

2

A e:kTNT 1/

T c= Fl\—7 7 (4.9)
e

Equation 4.9:

one sees that T c is temperature-dependent (To'5 plus an implicit
temperature-dependence of NT) but does not depend on free hole
concentration or electric field. Also, the model predicts a symmetric
rise and decay response, which has been observed in most of the Ge:Be and
Ge:Zn devices under constant voltage. Finally, material variations would
be expected due to variation in NT’ the trapped space charge near the
contact. On the other hand, the time constant calculated using Equation
4.9 is several orders of magnitude shorter than the observed transient,

and it has been shown experimentally that T, is not directly
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proportional to contact area (i.e., current density).

The Lampert-Rose model is purely phenomenalogical in its treatment of
how space charge is "rearranged" at the contact barrier, dealing only
with optical generation but not recombination. In addition, the
assumption of constant trapped charge, NT’ is not valid in a cold
extrinsic photoconductor. The prediction, however, that even nominally
“ideal" contacts may lead to transient behavior which is slower than any
bulk effect is important. In the next and final Chapter, we will review
the theory of the ohmic contact and present some recent modeling attempts
to begin to numerically determine the transient behavior associated with

electric field changes in the near contact region.



Chapter 5 Ohmic Contacts to Far Infrared Photoconductors

5.1 Theory

An ohmic contact is generally defined as a metal-semiconductor
contact that has a negligible resistance compared to the resistance of
the bulk material. According to Sze, an ohmic contact is one that
"should not significantly perturb device performance...and can supply the
required current with a voltage drop that is sufficiently small compared
with the drop across the active region of the device" (51). One method
of achieving this is to form, either through diffusion, implantation, or
alloy regrowth, a heavily doped surface layer in the semiconductor.
Carriers can then tunnel through the metal-semiconductor barrier and the
ability of the contact to supply carriers will be independent of the
barrier height BB'

Most of the data on ohmic contacts are for room temperature contact
to Si and III-V and II-VI devices, where either a low barrier height or a
tunneling contact will lead to ohmic characteristics. For cooled IR
photoconductors, however, the available thermal energy is very small
(0.36 meV at 4.2 K), so the contact must be a tunneling contact. The
impurity concentration in the heavily doped layer must be high enough to
exceed the metal-semiconductor transition, i.e., the Fermi level must lie
within the valence band at all temperatures for ohmi. contact to a p-type
device. This will lead to a reservoir of free holes in the semiconductor
and the carriers can move through the metal-semiconductor barrier at any
tempe.ature.

The free carriers in the contact region do not diffuse throughout the

semiconductor bulk because there is an additional diffusion barrier
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EV-EF which exists due to the space charge generated when free holes
diffuse into the bulk near the contact and are trapped by ionized
acceptors. This leads to a region of trapped space charge in the
near-contact region. The barrier is shown in Figure 45, which displays
the space charge, electric field, potential, and the energy band diagram
for the near-contact region with and without an applied field. A linear
distribution of p has been assumed only for schematic simplicity. This
figure shows that there is a point where the potential energy goes
through a maximum for holes. This occurs at the point where the electric
field is equal to zero, a point of pure diffusion current. The small
barrier for free noles from the implanted region to the bulk is usually
neglected in discussions of chmic contacts because in most cases it is
small compared to the thermal energy at room temperature. It is not
immediately clear, however, that this can be neglected in a device
operated at 4 K. When one speaks, therefore, about the contact barrier
in an extrinsic Ge photoconductor, one is usually not referring to the
metal-semiconductor barrier, which is assumed to be negligible due to the

tunneling contact, but rather to the small diffusion barrier in the

material itself.

5.2 Contact Modeling

Very little attention has been given to low temperature ohmic
contacts, both because of their limited use and the mathematical
complexity of including contact effects in the transport equations.
Recently, however, some attempts have been made to salve the differential
equations describing steady state carrier transport, including the

boundary condition for an ideal ohnmic contact (52). The equations
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Space charge, electric field, potential, and
band diagram as a function of distance in the
near-contact region A) without applied external
bias and B) with applied external bias.
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governing the physics of the near-contact region will be reviewed and a
summary of the steady state solution will be given. Then, the extension

of the model to time-dependent behavior will be described.

5.2.1 Physics of the Near-Contact Region

The physics of the near-contact region is dominated by the space
charge which exists due to the diffusion of free holes from the contact
into the bulk material. This occurs because of the large concentration
gradient between the implanted layer (p"lO20 cm’3) and the bulk
material (p<102 cm'3 under low background operating conditions).

Like the diffusion of electrons and holes across a p-n junction, this
process is stopped by the build-up of a space charge region. At low
temperatures, the free hoies will be trapped (i.e.,-recombine into the
ground state) on the ionized acceptors which are present due to
compensation, leading to the build-up of a positive space charge.

Using the same formulation as Reference 52, the time-dependent
partial differential equations for carrier transport throuhg a
one-dimensional sample are given by:

3a /ot = y(a-a ) + p[k(a-a ) -ra ] (5.1)

ap/at + vdap/ax = aa*/at (dua*+p)(pe/e)(dvd/dE) (5.2)

aE/at = (J 4 - pevy) /e (5.3)
*
where a = ionized acceptor concentration E = electric field
a = neutral acceptor concentraion °~ ¢ = dielectric constant
p = free hole concentation Vq = hole drift velocity
k = impact ionization coefficent r = recombination coefficient
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Equation 5.1 is simply a rate equation, indicating the balance
between generation and recombination processes. Equation 5.2 is a
one-dimensional form of the continuity equation

dp/dt =G -U - (1/e) V-4 (5.4)
which says that the change in free hole concentration with time must be
given by the balance of generation (G) and recombination (U) and the
gradient of the current. Finally, Equation 5.3 states that the external
current will be the sum of the current due to the motion of free holes
and the displacement current in the device.

To include the contact region in the solution of these equations, one
must select a boundary condition to approximate the physical behavior
near the contact. In the work of Westervelt and Teitsworth (52), this
was done by setting E=0 at the contact and allowing p»«= at x=0 to keep
the current finite. To first order, this appears to be a very realistic
modeling assumption, since E must go to zero at the bound: y of the
device and P>>Ppuik at the contact. In addition, modeling of the
free hole distribution in an insulator under trap free conditions results
in a free hole distribution of p ~ 1/x near the contact. This model,
therefore, gives the correct asymptotic behavior for the approach to the
contact where p is much greater than the trap concentation.

In the steady state, all time derivatives go to zero and the problem
becomes that of integrating a single differential equation. Steady state
solution for two different currents are given in Figure 46 for the
parameters given. Note the changes in ionized acceptor distribution and
field distribution which must occur to allow for this change in the
steady state operation. It is also important to note that this modeling

was done under a constant current assumption, i.e., Jext = constant,
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for mathematical simplicity.

As a first step toward the transient solution, Westervelt and
Teitsworth constructed a simplified two-region model (near-contact and
bulk) which is valid only on a long time constant scale. Results are
presented in Reference 52 and will not be reviewed here, but the
important conclusion is that they predicted slow transient responses on
the order of > 1 second. The status of the modeling at this point leaves
unanswered any gquestions concerning the relative magnitude of the
predicted slow response or the effects of bias, temperature, background
flux, etc., and a complete solution of the time dependent equations is
required. A physical phenomena in the device is identified, however,
which is occuring on a time scale much longer than the free carrier

lifetime or the dielectric relaxation involving free holes.

5.2.2 Time Dependent Solutions for the Near-Contact Region

In collaboration with Westervelt and Teitsworth, the model has now
been extended to include numerical solutions for the full time and space
dependent partial differential equations. This was done by solving for
the initial steady state solution under a fixed level of illumination
using a numerical integration technique called the Gear method (55).

This is a variable step size technique for so—called “"stiff" equations,
equations with transient terms that vary greatly in the time domain. The
steady state solutions, E(x,0), a*(x,0) and p(x,0), were then used as the
initial conditions to determine the transient response to a step
increment in illumination.

The time derivative in a* (Equation 5.1) was calculated using a first

order Eiler technique. Equation 5.2 was reduced to an ordinary different



equation by assuming that sp/at << V4 ap/ax, equivalent to assuming

that the transit time of a free hole in the near contact region is small
compared to the lifetime. Since our photoconductors have photoconductive
gains of 0.1 to ~1 carriers/photon this seems to be a good assumption.
Solutions for E(x) and p(x) at the new time t + at can then be determined

by integrating the following two coupled differential equations in x:

ap/ax +(1/vd)aa*/at - (pe/evd)(d—a*+p)dvd/dE \5.4)

3E/ax = efe (d+p-a*) (5.5)

The Gear method was also used to perform this integration.

A representative series of solutions for E(x) and a*(x) as a function
of time are given in Figure 47. O0One sees that the new steady state
solution is not achieved until ~5 seconds after the change of generation
rate. In the first surveys of this model, time constants ranging from 3
to 10 seconds have been required before total damping of the oscillations
to the final steady state was achieved. The oscillatory nature of the

solutions is a new feature which was not predicted by the earlier two

stage model.

5.3 Analysis of Current Modeling Status and Suggestions for Future Work

Although significant progress has been made in identifying a slow
transient process in nominally "ideal" photoconductors and in solving the
time dependent solutions for a realistic case which includes space charge
and contact effects, there is still a large amount of work to be done
before the model can be compared to experimental data. The voltage
output from the device is the integral under the electric field curve.

To determine the voltage (or current) transient one must integrate the

electric field expression over a finite distance comparable to the
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intercontact distance of the device. This will require including the

effect of the other contact and adding the appropriate boundary condition.

A second issue concerns the energy barrier for the injection of holes
which was discussed in the previous sections. That barrier is not
included in this model because the integration begins at the point where
E=0, i.e., nc barrier to the injection of holes exists in the Westervelt
model. The adjustment of the barrier height is assumed to be
instantaneous and only the rearrangement of space charge beyond that
point is considered. This is in contrast to the Rose model which
concerns itself with the readjustment of that barrier height, but in a
purely phenomenological way. To include the contact barrier in the
model, the range of integration must be extended back into the region
where the electric field is negative. This changes the E=0 boundary
condition and replaces it with a condition that the current at the point
E=0 is a pure diffusion current and directly proportional to the
concentration gradient of free holes.

Both of these issues need to be addressed in order to explain the
amplitude of the transient responses which are observed and to begin to
addresss the materials dependence of the responses. A second model,
which includes a second level to simulate a multi-level system such as
Ge:Be or Ge:Zm is also in progress. The addition of a second level wouild
allow one to explore the dynamics of the transient distribution of space

charge both energetically among the various levels as well as spatially

within the device.
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6.0 Summary and Conclusions

The temperature-dependent and transient benavior of Ge:Be and Ge:Zn
photoconductors have been studied experimentally and attempts have been
made to understand these behaviors in terms of the most recent model for
low background extrinsic photoconductors. The following points summarize
the main conclusions:

® Ge:Be material can be successfully grown and detectors have been
sufficiently characterized to allow for the use of these devices in
future astronomy and astrophysics applications in space. Ge:Be detectors
provide improved performance in the 30-50 um wavelength range.

® The responsivity of Ge:Be and Ge:Zn photoconductors is strongly
temperature-dependent in closely compensated material.

® The experimental data for the responsivity as a function of
temperature in Ge:Be detectors can be fit using the model of Alexander
et.al. by taking into account the temperature dependence of the
recombination cross section.

@® Novel shallow acceptors, A(Be,H) and A{(Zn,H), exist in doped crystals
grown under a H2 atmosphere. Their concentration can be reduced with
thermal annealing and can be controlled in order to obtain very closely
compensated material.

® The large lifetime increase with temperature in closely compensated
Ge:Be has been observed using photo-Hall effect.

® Transient behavior has been observed in both Ge:Be and Ge:Zn with
time constants on the order of seconds. It has been-established that

this cannot be explained by carrier sweep-out and/or dielectric

relaxation.
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@ The transient behavior has been characterized as a function of
temperature, bias, contact area, photoconductive gain, and material
parameters.

@ Time-dependent solutions of the transport equations, including space
charge in the near contact region, have been obtained for the first
time. The results indicate that transient phenomena with time constants
on the order of seconds occur due to changes in the electric field and

jonized acceptor concentrations in the near contact region.

The experimental charcterization of the temperature dependence of the
responsivity in the Ge:Be detectors is important for their use in
astronomy applications and will affect the selection of material for
future satellite-based missions. Work still remains to be done in
achieving, in a controlled fashion, the very high responsivities
predicted by theory. However, responsivities of ~ 1.0 carrier/photon
have been achieved in as-grown material.

The transient phenomena are still far from being fully understood.
Many factors have been identified which point toward a near-contact
controlled response which is several orders of magnitude slower than
predicted by other theories. Thebretical evidence for this has come from
first attempts to solve time-dependent equations for a realistic model
which includes space charge in the near contact region.

The most important question remaining is why the amplitude of the
slow component. can be so large a part of the signal in certain Ge:Be and
Ge:Zn materials. The observation and systematic study of this behavior,
however, has been helpful in moving the analysis of transient phenomena

toward a more integrated effort involving both experiment and theory.
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Demands for improved performance and understanding of extrinsic
photoconductors will continue to grow as the application of these devices
extends to lower backgrounds in the quest for greater sensitivity and
observing power. MWhen the pioneers in the field gathered in Atlantic
City in 1954, they probably did not imagine that thirty years later we
would be developing Ge:Be photoconductors to be sent into space on an
orbiting telescope at 2 K to look for distant galaxies and new stars.

The "fascinating diversions of itinerant electrons and holes" continue to

find fascinating applications.
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Appendix 1

Thermodynamics Calculations for BeD Formation

Thermodynamics calculations based on the free energy of formation
and the mass action law can given an indication of the stability of an
oxide under various conditions of temperature, concentration, and
environment. The following basic calculations can be used as guidelines
for determining the probability of oxide precipitation.

The free energy of formation for a reaction is often modeled with
the equation:

4G = aH® - Ta$ (A.1)
where aAH and aS are considered temperature independent. For the
formation of BeO:

2Be + 0, > 2Be0 (A.2)

aH = -143,000 calories and aS = 23 calories/K.

In a germanium melt, it is necessary to consider the solution
thermodynamics of a small concentration of Be in a germanium solvent.
This was the approach taken by Darken (28) and applied to the stability
of oxides in high-purity Ge crystal growth. The question of interest is
whether Be will precipitate as an oxide in the melt. Because the H2
atmosphere will contain a certain amount of HZO’ the reaction to be
considered is:

Be + H20 > Be0 + H, (A.3)

By the mass action law:
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AGO
2.3RT

and log K =
where ag o = 1 (solid phase), ag, = YN, and N = mole fracticn.

The activity coefficient y is difficult to determine experimentally
and therefore it is common to assume th2 ideal case, y = 1.0. Applying
these two equations, one can determine the value of the ratio
pHZO/pH2 above which precipitation is possible. Alternately, if
one knows the partial pressure ratio in the crystal puller, one can

determine the maximum concentration of dopant allowed before

precipitation will occur.
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Appendix 2

Hall Effect Measurements: Theory and Technique

The equipment for measuring both dark Hall and photo-Hall effect
includes a Lakeshore Cryostat (Model CT-310), a 6 kG electromagnet, and
an automated electronics and data collection system controlled by an
HP-85 computer (54)., The samples are mounted on a Cu cold finger, and
temperature control is maintained by using a continuous He flow and a
resistive heater in conjunction with a temperature sensing feedback diode
(Figure Al). Parallelpiped samples measuring 6x6xl mm3 were used in
the van der Pauw geometry (55). Indium alloyed contacts or B implanted
contacts were used for p-type samples.

The expression for tne concentration of free holes as a function of

temperature for a two-level system is given by:

O Y JUR T [ . D R A2.1
P= (@ A T¢_+N_A—'NT - (A2.1)

where N = NA - ND, @ = g'1 exp (EAlkT), g is the degeneracy
factor, and EA is the ionization energy of the acceptor level.

Althougn this simplifies to the well known half-slope and full slope
regimes for certain temperature ranges, it is usually necessary to solve
the quadratic equation over the entire range of temperature to determine
the freeze-out curve.

For a multi-level system, the equation will be a polynomial of n + 1

degree where n is the number of acceptor levels to be considered. For a

two level system, this means a cubic equation:
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3 2

L0195 * Npydy * Npgty — (Ny = Npldy = (Ny - Np)dpTp

- (Ny = Nj)é.8, = 0 (A2.2)
The solution is:
a
p =20 [s]) 18 cos (d) [tan”! ()] -2 (A2.3)
where q = % a; - % a% (A2.4)
r =‘% (alaz— 3a9) - —%7 ag (A2.5)
Isf=a + r2 (A2.6)

for p3 + a2p2 + a;p + a, = 0
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