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IMPURITIES IN HIGH-PURITY GERMANIUM AS
DETERMINED BY FOURIER TRANSFORM SPECTROSCOPY#*

Eugene E. Haller and William L. Hansen

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

SUMMARY

Fourier Transform Spectroscopy in the wave number
range between 0 and 125/cm! (0 to 15 meV) was used to
determine the impurities producing shallow energy
levels in high-purity germanium. The sensitivity of
the method is suff1c1ent to detect impurities at a con-
centration of 10%/cm® with excellent signal to noise
ratio and the selectivity (energy resolution) allows a
clean separation of all shallow levels. So far only
net-concentrations can be observed so that it was
necessary to measure n- and p-type material separately.
The elements boron, gallium and indium appear to follow
the expected segregation laws, while aluminum seems to
be homogeneously distributed in the whole crystal. It
has proven difficult to investigate n-type material
due to the inability to produce low-noise electron-
injecting contacts at the measuring temperatures (6
to 11°K).

INTRODUCTION

During the last few years a great deal of work
has accumulated toward characterizing high-purity
germanium in respect to detector fabrication. Many
techniques were adapted and modified to complete this
rather difficult task. Hall effect, conductivity
measurements, and metal-point probing on bulk material
as well as capacity-voltage dependences and alpha-
particle probing of detectors and detector arrays
helped to find the axial and radial distribution of
donors and acceptors.'-? However, very little work
was done on analysis to identify the impurities. The
main reason was the lack of a method useful at net-
concentrations below 10'°/cm®. Since the remaining
impurities are usually accidental (i.e. not added
intentionally) it is of crucial interest to f1nd
their nature and hence, perhaps, their source.

Photothermal ionization of neutral acceptors/
donors as discovered by Russian scientists,***:® com-
bined with Infrared Fourier Transform Spectroscopy
(FIS) takes, in a unique way, advantage of the pro-
perties of high-purity germanlum This was shown by
S. D. Seccombe and D. M. Korn’” with n-type material
produced by R. N. Hall at General Electric Research
Center, Schenectady, New York. We have now applied
the same method to p-type materlal down to net-acceptor
concentrations of below 10°/cm®.

* This work was done under the auspices of the
United States Atomic Energy Commission.

SEMICONDUCTOR SPECTROSCOPY

In order to explain the method one has to focus
to a well known field in physics--the infrared spec-
troscopy of semiconductors.®® It was shown theoret-
ically and experimentally that impurities in semicon-
ductors have more than one bound state for their holes/
electrons and produce "hydrogen' like excitation
spectra. Figure 1 presents the experlmentally deter-
mlned level schemes for neutral acceptors* in german-
ium.'? Similar sets of excited states are produced
by group V impurities in n-type germanium!! as well
as in any other electrically active centers. The

-ground state of shallow acceptors and donors in german- -

ium lie around 10 meV from the valence and the conduc-

tion band. In order to be bound the temperature of
the lattice has to be sufficiently low, i.e. below
~15°K.

Direct exper1menta1 proof for the existence of
excited states is seen in the absorption spectra of
doped germanium samples recorded by far-infrared spec-
trographs. Holes/electrons in the ground state pref-
erentially absorb photons with the energies leading to
transitions into a higher excited state or into the
valence/conduction band, With transition energies in
the order of 10 meV, photons in the wavelength region
around X = 125 um (1 e. wave number®* v = 80/cm1) are
absorbed. One basic difficulty in this region (far
infrared) arises from the lack of strong photon
sources as might be exgected from Planck's radiation
law for black bodies. Conventional high resolution
spectrographs further compound the difficulty since
they use narrow slits, thereby utilizing only a tiny
fraction of the available light from a source. These
difficulties in practice 1imit the analysis of german-
ium impurities with conventional absorption spectros-
copy to material with a concentration about ~10%3/cm?.

The extremely low binding energies have two
important consequences:

a) The hole/electron wave functions extend over
many cells of the germanium lattice--typical-
ly they are spread over thousands of unity
cells. This completely obscures the proper-
ties of the individual impurities and results
in the excited states for all neutral accep-
tors being virtually the same. Only the most
strongly bound ground states differ among
different impurities. The resulting spectra
therefore have the same structure but are
shifted versus each other, the shifts depend-
ing on the differences in ground state
energies. A similar situation prevails for
neutral donors in germanium.

* An acceptor at low enough temperatures is neutral,

i.e. deionized in p-type material, the equivalent is
true for donors in n-type material

**  (Wave number (v in cm!) = 1/wavelength () in cm)
= frequence (f in Hz)/velocity of light (C in cm/sec).)

*%% Lasers would improve the situation, however, they
are not easily tuned over the necessary wavelength
range.



b) The size of the wave functions also produces
severe overlapping between impurity atoms
down to concentrations of about 10'°/cm3.
This leads to line broadening even in the
most lightly doped material, used until the
recent days of high-purity germanium.
Methods which can take advantage of the
extremely small natural width of the hole/
electron states in high-purity germanium
will be described in the following sections.

We have so far discussed only the optical excita-
tion of holes and electrons from their ground states
into excited states. This process attenuates: the
incident light transmitted by a sample in conventional
absorption spectroscopy. To measure this attenuation
in high-purity germanium is almost impossible because
the absorption is a trivial perturbation in the trans-
mitted light. A much more elegant way of detection
uses the effect called photothermal ionization.*r S8
If a hole/electron is brought into an excited state
through the absorption of a photon (actually a phonon
also is needed to satisfy the requirements of conserva-
tion of momentum) it may fall back into the ground
state but can also be ejected into the valence/conduc-
tion band if. a phonon of sufficient energy is absorbed.
The second process, which clearly becomes more probable
at high temperatures leads to an increase in- the num-
bers of free holes/electrons, which modulates the
conductivity of the sample. We have now the possibil-
ity of measuring directly an effect created by impurity
atoms absorbing photons and not a minor change in a
large signal as in absorption spectroscopy. In order
to obtain a high concentration of phonons of sufficient
energy one would like to keep the germanium sample at
high temperatures, while, to keep most of the impur-
ities in their neutral state low temperatures would
be prefered. This conflict leads to an experimentally-
determined optimum temperature of around 8°K for
observation of shallow acceptors -in p-type germanium.
The study of donors in n-type material is complicated
by difficulty in making ''low noise'' metal contacts for
electron injection and extraction.  Doped n* contacts
cannot be used because the additional donors would
outnumber the donors in the bulk by orders of magni-
tude unless ‘a method could be found to shield the con-
tacts against the infrared radiation. A suitable
geometry might be similar to that used in Hall-effect
sample preparation. Measurement of the losses in a
microwave cavity would be a possible way to determine
the free carrier concentration without any electrical
contacts to the sample. Because over 90% of our crys-
tals are mainly p-type our work was concentrated on
p-type material where the application of InGa-eutectic
on polish-etched surfaces results in very good ohmic
contacts down ‘to the temperature of the liquid helium.

EXPERIMENTAL METHODS

Use of an interferometer instead of a spectrograph
makes possible measurements of the required sensitiv-
ity in a short time. In Fig. 2 the important parts
of a Michelson Interferometer are shown. A parabolic
mirror M, creates a parallel light beam from a high
pressure mercury arc lamp S. A mylar beam-splitter
BS produces two prependicular beams. One is reflected
from a plane fixed mirror Mf and the other one from a
plane movable mirror M. My can be moved by a 5 cm
long micrometer screw driven by a stepping motor.

Both reflected beams are directed back to the beam-
splitter to form an outgoing light beam with inter-
ference causing a light spectrum determined by the

position X of the movable mirror. Only at the posi-

tion where the distance of both mirrors Mf and M,
from the beam splitter is equal (called ''zero path'
or "grand maximum'") is the outgoing light 'white"
(i.e. its spectral distribution is that of the radia-
tion source modified by any absorption and beam-
splitter characteristic in the interferometer). In
any other position the following two equations deter-
mine which wavelengths X will superimpose construc-
tively or distructively:

i) constructive ©omx = 2|x| (n=0,1,2..) (la)

ii) distructive :(2n+1)-§‘— 2)x| (1b)
where x = 0 corresponds to equality of the two light
path lengths BS-Mg and BS-M.

The outgoing beam is focused into a 1/2" light
pipe (brass or stainless.steel tube) mechanically
chopped and then filtered with black polyethylene
foil (scattering filter) and Yoshinaga filters
(Reststrahlen filters).!? The sample chamber is
shown in the right half of Fig. 2. The germanium
sample is mounted inside a brass cavity on a brass
plate located at the end of the light pipe. A soft
stainless steel spring holds the germanium piece.
Mylar foils are used as insulators: Indium sheets
on both sides of the germanium piece provide a good

“electrical and thermal contact. The temperature can

be measured with a carbon resistor (68 Q) mounted
inside the holder plate directly underneath- the
sample and controlled by a 25 Q, 25 W heater resistor
outside the cavity. Cooling is achieved with a cop-
per rod reaching into liquid helium and clamped in-
side a stainless steel tube (thermal resistor).

With this arrangement interferograms (i.e. plots
of change of voltage across the sample versus mirror
position X) can be recorded. Interferograms are
converted into frequency spectra by Fourier Trans-
formation. Figure 3 shows four examples of inter-
ferograms and their spectra. Experimenters familiar
with network analysis will find strong similarities
with the Fourier Transformation of electrical signals
between time and frequency domains.

Two specific advantages are realized by the use
of an interferometer instead of a spectrograph. (The
serious student should read a good introduction for
the whole subject such as can be found in Ref. 13.)
The Jaquinot (alsc called throughput) advantage!? is
based on the fact that an interferometer does not
contain any narrow apertures and therefore feeds much
more energy from the source to the sam?le. The Fell-
gett (also called multiplex) advantage!® has its
physical background in the fact that any frequency
interval is contained in the outgoing beam not only
once as in a spectrograph, but many times. This advan-
tage is especially important in high resolution spec-
troscopy. Taken together these advantages can mul-
tiply to give a factor of 10° improvement in signal to
noise ratio (and therefore in measuring time) as com-
pared with spectrographs with equal source and
resolution.

The two important equations which relate the
interferogram to the spectrum are presented here
without proof. The maximum wave number vpax in a
spectrum is given by the mirror advance AX between
sampling points.

_ 1
(em™) = ————— (2a)
Vmax ™ 4 AX(cm)



The resolution of the instrument Av depends on the
total mirror advance X as follows:
(el = —1 - (2b)
2 X{cm)

This is true for single sided interferograms with the
assumption that full symmetry in réspect to zero path
can be achieved.

The signal processing and data handling systems
are shown schematically in Fig. 4B. Chopped infrared
radjation enters the germanium sample causing photo-
thermal excitation which changes the free carrier con-
centration. The change in voltage across the symmet-
rically biased sample is amplified with high common- -
mode rejection and fed into a conventional phase-lock
amplifier (PAR model H-8). This unit filters, ampli-
fies and synchronously rectifies the signal. It also
controls the chopper motor. A voltage to frequency
converter produces a frequency proportional to the
signal.

The frequency is measured by counting cycles for
a preselectable time (i.e. performs a digital integra-
tion). Data are'stored in the memory of a PDP-11
computer which also calculates the Fourier Transform.
Many data-handling routines, including apodization
of spectra, phase correction of interferograms,
coaddition, etc. are available to the experimenter.

A typewriter, a X-Y plotter or a card puncher can

be used to extract the spectrum from the computer.
The lower half of Fig. 4 shows a typical interferogram
produced by a cube-shaped (.57/cm®) sample #313-0.2.%
The net acceptor concentration was about 10'°/cm®.
Because we do not understand details of the signal
formation process in the detector we can only state
some experimental observations. In general the sig-
nal rises with increasing bias across the sample. We
attribute this to multiple refilling and excitation
of the acceptor states during the time light enters
the sample. However, at a certain bias, breakdown
occurs and the signal becomes very noisy. The crit-
ical value of the bias depends on the net-carrier
concentration, sample surface preparation and on the
temperature; a few hundred millivolts is a typical
value for 8 mm thick samples. The signal amplitude
does not depend on chopping frequency from a few
cycles per second up to 200 Hz, the limit for the
chopper motor. This means that carrier relaxation
times in the sample are shorter than ~1 ms (w v £ 1).

EXPERIMENTAL RESULTS AND DISCUSSION

Shallow Acceptors and Donors

As pointed out, aluminum plays the most important
role as an impurity in our high-purity germanium.?
It was found to be the only important impurity in many
crystals with net-acceptor concentrations ranging from
>10*!/cm® down to a few times 10°/am®. A spectrum of
the sample #313-0.2 containing mostly aluminum is dis-
played in Fig. 5. The lines of Al (A-G), B(A-G) and
- Ga(A-G) correspond to those published by R. L. Jones
and P. Fisher (Ref. 10) within their experimental
errors (~0.2%). The continuum of Al starting at about
10.8 meV is produced by holes which are excited
directly from the ground state into the valence band.

* The first number in the sample identification code
refers to the crystal number (313), while the second
part (-0.2) is the distance (in cm) from an arbitrary
point near the head of the crystal.

The line-widths at half-maximum are limited by

“the instrument since the total mirror-advance is 2 cm.

Equation (2b) predicts a resolution 0.25/cm’ (=0.03
meV). As can be seen in Fig. 4, the amplitude of the
interferogram for this same sample does not decay to
zero even at x = 2 can. This means that the natural
line-width of some lines is smaller than 0.25/cm’.

For reasons of convenience, and because this resolu-
tion allows us to separate all known shallow acceptors,
we did not circumvent the limited memory capacity of

. the on-line computer by recording the interferogram on

cards and using a larger computer.

The lines L1 and Ly were first thought to cor-
respond to undiscovered transitions. The lines L3 and
L4 have negative amplitudes reaching below zero. I3
and 1z appear at *10/cm' away from Al1(D) and L, and Ly
at +10/cm' from A1(C), the strongest two lines in the
whole spectrum. Since one full turn of the mirror
advance screw corresponds to 0.5 mm, which is equal to
1 mm 1light path difference or 10 wave numbers (cm~!),
our explanation for the extra lines concentrates on a
screw imperfection. Calculation shows that the
Fourier Transformation of an interferogram with a
periodic modulation of the mirror advance Xreg]l results
in the first order approximation, in sum and difference
of the involved frequencies.* The result also contains
the opposite sign of the amplitudes. A further source
of ''ghost' lines is the nonlinear résponse of the high-
purity germanium samples to the intensity of the excit-
ing light. Taking a quadratic term into account, one
finds that the spectrum can contain lines at the sums
and differences of all real transitions. This imper-
fection produces amplitudes having the same sign.

From the negative amplitude of the line Lg occuring at
twice the wave number of A1(G) and from spectra going
to higher wave numbers, we concluded that the coeffic-
ient of the quadratic term is negative. This suggests
a saturation effects in the detector. Higher order
terms were not investigated. = The described sources
leading to false lines were present throughout all of
our measurements. They explain the presence of most
of those weak lines observed in our spectra which were
not reported earlier in the literature.

The spectrum obtained from sample #225-(-.9) is
shown in Fig. 6. Boron is the dominant impurity. This
is easily understood if one recalls the large segrega-
tion coefficient k of boron (kg = 18) and the position
where the sample was cut (at ~2% of the initial melt
frozen). Sample -4.0 of the same crystal (15% of the
initial melt frozen) produces a spectrum with B, Al
and Ga lines in equal strength. In sample 15.9 (87%
of the initial melt forzen) Ga is the dominant impurity.
Because the excited states of all different impurities
are equal, the transition probabilities from the
excited states into the valency band are also equal.
The ratio of corresponding lines of different impuri-
ties therefore approximately represents the ratio of
their concentrations although a connection must be
applied because of the variation of intensity of the
exciting light with the wave number. This dependence
is weak in the spectral region of the strong D and C -
lines.

Using this simple fact together with Hall-effect
measurements of the samples we can observe the segrega-
tion of all three impurities separately along the
length of the crystal. A best fit of the experimental
data on crystal #225 is displayed in Fig. 7. The
segregation coefficients for boron and gallium are very
reasonable for the particular crystal growing param-
eters. The anomalous behavior of aluminum once again
is evident.

* X

X, .
- linear
real = Xlinear * 2 €°5 (“Lo—m X 2m + Y)

similar to a frequency modulation.



The quality of spectra obtained with the full
resolving power of the instrument is illustrated in
Fig. 8 where four impurities are present (sample
#291-14.0). The A1(C), in(D) and the Ga(C) lines are
clearly separated. Their relative spacings are below
0.1 meV. In addition to the impurities Al, In and Ga,
a new unknown shallow acceptor X appears. The rela-
tive spacings between the (D), (C) and (B) lines of
X are in agreement with the other shallow acceptor
lines. We determined the ground state energy Eg.s.
as 0.18 meV above the ground state of boron, i.e.
(10.47 + 0.18) meV. Using the dependence of Eg g, of
the group III impurities on atomic number Z (see Ref.
10) one would guess that the Z of X must be in the
range of 7 to 9. Since nitrogen (Z = 7), oxygen (Z =
8) and fluorine (Z = 9) are not known to produce shal-
low acceptor levels, the simple conclusion for the
additional lines is not likely to be valid. All
impurities outside the group III produce acceptors
which can be multiply charged, and have an Eg s,
larger than 10 meV. Pairing of single donors with
multiple acceptors as described in Ref. 14 for Li,
could lead to an analysis of the acceptor X. From
measurements of several samples along crystal #291
we conclude that the segregation coefficient of X
is somewhat smaller than that of Gallium and lies
probably around 0.05. An n-type core makes a more
precise estimate based on this particular crystal
impossible. ,

The spectrum of an n-type sample #296-15.0 is
shown in Fig. 9. InGa contacts rubbed onto opposite
surfaces of the polish-etched cubic sample were used.
A1l the lines can be explained on the basis of phos-
phorous as an impurity (Ref. 11). Noise in the spec-
trum is due to current injection noise. Almost no
improvement in current injection resulted from using
lightly 1lithium-doped contacts, but this introduced
the Li-lines. Only in Hoboken IMC material which was
n-type did we find lines corresponding to antimony
and to lithium without exposing the material to any
heat treatment. _

We were pleasantly surprised to discover that
the method works also for polycrystalline material.
Line splitting is observed in some samples, most
probably due to stress, but it is not severe enough
to make the analysis of the impurities questionable.
The spectrum of a samplée of polycrystalline germanium
from Sylvania is shown in Fig. 10. As a general
result, we find mostly boron and aluminum in the
region where the zone is started (clean side). Near
the opposite end the boron concentration is much
reduced but aluminum and gallium increase. In
Sylvania polycrystalline germanium we detect aluminum
only as is also true for p-type LMC material from
Hoboken. Samples from Eagle Picher Company were n-
type and showed phosphorous while the same material,
zone refined by the Ontario Research Foundation*, was
p-type with boron and gallium.

N

Other Impurities

In order to test the method for ''deep'" acceptors
we measured the photothermal response of high-purity,
dislocation free germanium up to a wave number of
500/cm! (=61.8 meV). This is the upper limit for the
instrument available to us. We were able to detect
neutral beryllium (Ref. 15) in dislocation-free mate-
rial (Fig. 11). (P. Fisher, Purdue University,
Lafayette drew our attention to this reference.) The
same experiment with several samples of dislocated

* This and other samples were kindly supplied by
I. L. Fowler, Atomic Energy of Canada, Limited, Chalk
River Nuclear Laboratories.

material gave negative results. We assume that the
drastically increased number of vacancies and vacancy
agglomerates in dislocation-free material’® enhances
the solubility of Be considerably. We detected no
neutral copper or other neutral multivalent acceptors
or donors in our samples. This seems to be in agree-
ment with the excellent charge collection of the
detectors made of our crystals. As soon as we have
access to an instrument with a higher wave number
limit we plan to extend this method to even deeper-
lying impurities. Further plans include double-
injection into samples in order to populate both
donors and acceptors in p- and n-type material simul-
taneously. This should yield information on the
degree of compensation existing in the germanium.

CONCLUSIONS

We have shown experimentally that the combination
of Fourier Transform Spectroscopy (FIS) together with
photothermal ionization of neutral impurities makes
possible the analysis of acceptors and donors in high-
purity germanium down to net-concentrations of
~10%/cam® (Fig. 12) with a signal to noise ratio >30.
With the instrument available to us we did not reach
a resolution comparable to the natural line-wdith of
shallow acceptors. We believe, however, that a better
resolution will not improve the analytical power of the
method. Together with Hall-effect, which is the best
tool for the measurement of the net-concentrations,
the segregation of each impurity separately along the
axis of a crystal can be determined. That the method
works especially well for shallow acceptors and donors
is partially due to the fact that both the current

. through the sample and the temperatures involved are

low. The only deep acceptor detected was neutral
beryllium (Eg.s. = 24.3 meV). Whether the method will
be applicablé to deeper levels remains an unanswered
question until instruments with a higher maximum wave
number vpax are used.

From measurements of over 50 samples we found that
aluminum is the main impurity in p-type material. The
presence of boron at the seed-end of some crystals. can
be predicted from the shape of the concentration pro-
file obtained from conductivity measurements.

With the increase of the sample volume we would be
able to analyze any impurities producing shallow levels
down to the 107/cm® range.
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FIGURE CAPTIONS

The bound states of the group III impurities
in germanium. Energies of the states and
the labeling of the transitions are the same
as in Ref. 10.

Basic elements of an Infrared Michelson
Interferometer. S light source; parabolic
mirror; BS beam splitter; Mg fixed mirror;

M; movable mirror (mirror position X); Ch
light chopper. The instrument is evacuated
to avoid absorption of the IR-light by water
vapor.

IR-cavity in helium cryostat.

1. Helium dewar (glass) with liquid
nitrogen jacket.

2. Liquid Helium.

3. Copper Rod for cooling.

4. External 25 ©/25 Watt resistor for
temperature control.

5. Brass cavity.

6. High-purity germanium samples.

7. Carbon resistor for temperature
measurement.

8. Stainless steel spring that gently
holds the sample in position.

Four schematic interferograms and their
spectra:

a) A §-response at zero-path is transformed
into a spectrum containing all wave
numbers.

b) A cosine with decaying amplitude cor-
responds to a 'broad" line.

¢) A cosine with constant amplitude results
in one sharp line.

d) A cosine with a '"beating'' amplitude
produces two sharp lines.

Interferogram obtained from sample #313-.2,
Sample volume = .57/cm®; N - Npy = 101°/cm

T = 8.0°K; 1000 sampllng points were
recorded in approximately 30 minutes. The
""beat'" character of the interferogram is
produced by the strong A1(C) and Al1(D) lines.

Signal processing and data handling system
used in connection with the interferometer.
The germanium sample simultaneously acts as
absorber and detector of IR-radiation.

Spectrum of sample #313-.2. The labeling of
the lines is the same as in Ref. 10. Sample
volume = .57/cm®; =10'%/cm?;

T = 8.0°K; 1000 saméllng points were record-
ed in approximately 30 minutes. A region
below the A1(D) line is magnified by a fac-
tor of four with the baseline shifted. The
aluminum concentration exceeds all other
impurities (B, Ga) by a factor of more than
20. The explanation for the lines Lj through
Ls is given in the text.
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Fig.
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Fig.
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Spectrum of sample #225-(-.9) containing B,
Al and Ga. Sample volume .58/cm®; Np - Np
=10'!/em®; T = 8.0°K, 1000 sampling points
were recorded in 25 minutes.

Axial impurity concentration profile of
crystal #225. The upper broken curve was
obtained from conductivity--small circles--
and Hall-effect measurements ((®). The
Hall-mobilities on the whole slices did not
indicate any radial variation of Nj - Np.
The solid curves represent the segregation
of B, Al and Ga; their concentration ratios
were derived from FIS spectra.

Spectrum of sample #291-14.0. Sample volume
= .47/cm®; Ny - Np = 10'1/am®; T = 8.0°K;
1024 sampllng points were recorded . in- 30"
minutes. Four impurities are present: X
(unknown), Al, Ga and In. The reselution ..
allows the separatlon of the Ga(C) and In ~
(D) lines.

Spectrum of the n-type sample #296- 15 0

amgle volume = .42/cm®; Np - Np = 6 x
10'Y/cm®; T = 6.5°K; 700 sampling points
were recorded in approx1mately 30 .minutes.
Phosphorous is the only detectable donor
impurity in our n-type material.

Spectrum of a polycrystalline germanium
sample (Sylvania). Sample volume = .43/cm?;
Np - Np is unknown, but below 101%/cm®;

T = 8.0°K; 1000 sampling points were record-
ed in 25 minutes. Line-splitting is only
observed in polycrystalline samples (built
in stress).

Spectrum of sample #249-(-.8). Sample
volume = .25/am’®; Np - Np ~101%/cm® (shallow
levels); T = 14.0°K; 500 sampling points
were recorded in 15 minutes. The lines of
neutral beryllium are dominant. The Al lines
are still visible even though over 99% of the
Al-acceptors are ionized at 14.0°K.

Spectrum of sample #153-(-1.9). Sample
volume = .52/cm ; Np - Np =.10/am ; T =
8.0°K; 1000 sampling points were recorded
in 25 minutes. The signal-to-noise ratio
is larger than 30. .
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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