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Abstract

A new isotope-specific and quantitative technique based on se]f—defection
in a position;sensitive detector has been developed for the imaging of
radio-carbon clusters in high-purity Ge. Using a novel position-sensitive
detector concept, a one-dimensional spatial resolution of ~ 200 um FWHM and a
sensitivity of ~ 6 x 107 14C atoms per cluster has been obtained. This
technique can be applied to other semiconductors which can be used to

*

fabricate self-counting position-sensitive nuclear radiation detectors.

4 PACS numbers: 61.70.Wp, 29.40.Pe
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A new technique for the study of impurity clusters in high-purity semicon-
ductors is introduced in this letter. The advantage of the new technique is
that it is isotope specific, highly sensitive, and can be used to determine
the bulk distribution of the impurities and their clusters as well as the
number of impurity atoms in each cluster. Application to the study of carboﬁ
clusters in high-purity Ge will be used to demonstrate the potential of the
new technique.

The new method involves the use of a radioactive isotope of an impurity
which is introduced into the semicohductor crystal via melt growth, epitaxial
growth or other methods. A position-sensitive nuclear radiation detector is
fabricated from the crystal. The impurity distribution can be determined in a
highly sensitive and quantitative manner by measuring the individual decays of
the radioactive impurity atoms inside the detector.

The prerequisites for applying such a technique are 1)'that the semicon-
ductor material under study can be used to fabricate a position-sensitive
radiation detector, and 2) that the decay products of the radioisotope of the
impurity atom have a short range in the host semiconductor (e.g. alpha parti-
cles or low energy g-rays). The former requirement is readily met by germanium
and silicon which are routinely.used in making various kinds of nuclear radia-
tion detectors including position-sensitive ones. Other semiconductors such
as CdTe, HgI2 and epitaxial GaAs have also been exploited as nﬁc1ear radia-
tion detectors. Although less developed as detector materials compared to Ge
and Si, these compound semiconductors cah, in principle, be studied using this
technique. In the present study, a novel position-sensitive Ge detector
concept has been used. The new concept may be adaptable to other

semiconductors as well.

-3

fag



R
o

&

-3 -

The use of a radioactive tracer technique based on self-counting detectors
to study the carbon concentration in high-purity Ge has been reported previous-

14C

ly by our gr_oup.1 In that experiment, Ge crystals were grown out of a
spiked pyrolytic graphite-coated silica crucible under a hydrogen or a nitro-
gen atmosphere. A second generation crystal'wéé a]so.gfown using one of the
hydrogen—grown crystals as charge under standard conditidns for producing
detectbr grade materials (bare silica crucible, hydrogen atmosphere). Standard
(nonposition-sensitive) nuclear radiation detectors were made from these crys-
tals and‘the Bu]k carbon concentration was determined by measuring the count
rate of internal g decays. Autoradiography studies using x-ray fi]m have shown
that part of the carbon afoms exist in clusters. First generation hydrogen-
grown crystals showed a large number of clusters while the second generatiop
cfysta] contained much 1ess.1 However, the absolute number density and sizes
df the clusters could not be determined QUéntitativer. The use Qf position-
sensitive detectors is an extension of this earlier technique and has enabled
us to quantitatively measure the cérbon cluster size and distribution.

The position-sensitive detector used in the present experiment is based on
the novel concept of semiconductor drift chambers.2 Position information is
obtained by measuring carrier drift times. As originally proposed, detector
contact seghentations and a means of producing differential potentials on the
contact elements are required to create a drift fie]d.' A much simplified
approach was developed usinj Ge in which a built-in drift field is automat-
ically produced through the use of material with an impurity concentration
gradient.3 A further modification of this idea is used in the present
detector which allowed the use of material with uniform impurity concentration.

Figure la shows schematiéa]]y the geometry of the detector.. It has a

+
planar n+—p—n+ structure which is tapered toward one end, away from the p
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contact. The opposing n" contacts are held at the same DC potential. With
reverse bias applied between them and the p+ contact, depletion starts from

both n* contacts and moves toward the midplane of the detector. The poten-

-3

tial distribution inside the detector at full depletion is shown in Fig. 1b.

For a linearly tapered structure with local thickness L(x) = L0 - kx, the v
resulting drift field along the detector midp]ane is:

Eq(x) = ﬂ’_g;ﬂ = - k(L - kx)
where L(x) is the local thickness of the detector, N is the net electrically
active impurity concentration, e is the electronic charge and ¢ is the permit-
tivity. After electron-hole pairs are generated inside the detector by an
ionizing event, there exists a first phase of répid carrier collection as the
electrons move to one n’ confact and the holes move toward the midplane. As
the holes approach the midp]ane; they chahge direction along the field lines
and start to drift:slow]y along the midplane to the p+'contact under the
relatively weak tranverse drift fie]d,‘Ed(x). The drift time for carriers
ofiginated at position x in the midplane of the detector is:

X , L

Ylx) = SO u]Ej?x')[ = ue::2 " T
where u is the carrier mobility. Figure 1c illustrates qua1i£ative1y the
development of electric charge signals at the three contact§ by the movement o
of the carriers. The initial, rapid charge collection gives rise to prompt )

6

signals at the two n’ contacts. As the holes move along the midplane, a
negligibly small signal is induced because the moving charges afe‘effectively
shielded by the n* contacts. Upon close approach to the p+ contact, the'
induced charges rise sharply leading to signal pulses on each of the contacts.

The time difference between the prompt pulses and the delayed pulses is the
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carrier drift time. It can be used to. compute the position of the interaction.
In practice, since the drift time is sensitive to variations in the impurity
concentration a1oﬁ§ the detector and in the carrier mobility which has a strong
dependence on temperature, a calibration can be used to accurately determine
the actual drift time versus position relationship. The total charge induced
at the p+ contact is proportionai to the energy deposited in the detector by
the radiation. For n-type material, the above description is still valid
except the contacts and the carrier types are exchanged. In this case it is
the electrons' drift along the detector midplane which is used to determine
the position. |

A drift chamber with this geometry has been fabricated from a p-type slice

14

of the second generation "~ C-doped Ge crystal which has a net acceptor con-

centration of 5x1010 cm'3. The detector is 3 cm long, 2 c¢cm wide and 1 mm to

3 mm thick. N+ contacts were formed by Li diffusion and the side electrode was
a Pd Schottky barrier. During operation, the detector is placed in a cryostat
and cooled by liquid nitrogen; Tﬁree charge-sensitive amplifiers are connected
to the three contacts. Their input junction field effect fransistors and feed-
back components are mounted near the detector and are cooled for best noise

performance. The prompt and delayed signals from the amplifiers trigger a

time-to-amplitude converter (TAC) whose output is fed to a pulse height

~analyzer (PHA) to obtain time spectra. Energy signals from the side contact

~amplifier can be used to gate the TAC so that only signals within a certain

selected energy window are accepted. Since the polarity of the prompt signals
depends on which side of the detector the carriers are produced, signals from

the two halves of the detector can be distinguished and examined separately.

‘The detector is fully depleted at 70 V and is operated at 120 V. The slight

over voltage will not affect the internal drift field significantly except near
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the side contact where the drifting carriers will be coliected more rapidly
thus decreasing the rise time and improving timing.

Figure 2a shows the time spectrum of a scan along the detector (i.e.,

"3

parallel to the drift direction) at 2 mm intervals using a collimated 241AmA
60 keV y-ray source. The result demonstrates the position-sensitive proper-
ties of the detector and serves as a position vs drift time calibration. The
width of the peaks'are'dominated by the source spot size which is ~ 0.5 mm in
diameter. Scanning the full area of the detector indicated small dead regions
near the bare sides; this is attributed to surface channel effects. Also, due
to the low drift field, carrier trapping effects are dramatically revealed.
The energy signal amplitude decreases as the drift distance fncreases, first
gradually then abruptly near the far end where no measurement of the drift
time can be made. The total effective detector area is limited to a width of
1.3 cm with a maximum drift distance of 2.2 cm.

Figures 25 and 2c are time spectra obtained with the detector in a self-
counting mode to detect internal 14C g decays. Counting time was 4.6 days
éach. This time has to be contrasted to typical one-month exposures with
x-ray film. An energy window 6f 30 - 100 keV was used to include the main

1 and cut

‘ portion of the B continuum which has ah end point energy of 155 keV
down the contributions from background radiation. The two spectra correspond

to the two halves of the detector. The peaks in the spectra are evidently due
to local concentrations of 14C, i.e., carbon clusters. Spectra obtained with

the energy window set aboye the end-point energy showed only a continuum dis-

tribution arising from background radiation and no peaks are detected. FSince

the average range of the maximum energy 8's in Ge is < 0.1 mm, the ~ 0.2 mm

full-width-half-maximum (FWHM) of the peaks represents the position resolution

of the system for radiation in this energy range. A total of 50 clusters or a
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3 are detected. The number of counts under each
14

number density of ~ 130 cm™
peak is directly related to the number of ~'C atoms in a particular cluster.
From this number, the total number of carbon dtoms_in each cluster was calcu-

14C and the ratio of C to 14C (

lated knowing the half-life of 11.3:1) which

was used in our crystal gfowth experiments. ~ The fraction of the g energy spec-
trum failing within the electronically determined energy window was 58% and was
used. in the computation of the number.of the carbon atoms in each cluster. The
result is summarized in Fig. 3 which shows the distribution of the numberlof
carbon atoms in each cluster along the detector. For multiple peaks that are
not fully resolved, estimates were made of the ratio of the components and the
contributing clusters' carbon contents. The number of clusters with carbon
content lying in intervals of 5x109 atoms is also plotted showing the carbon
content distribution. The smallest carbon content in a cluster that can be
unambiguously recoghized from the spectra is ~ 4x109 atoms. In order to

lower the detection limit, the number of peaks in the time spectrum has to be
reduced so that they are well separated and small peaks can be readily seen.

To accomplish this, the p+ contact was divided into three segments with a

4 mm long middle section. With the outside sections grounded, only the middle

4 mm strip of the detector contribution counts. Figure 2d is the resulting

spectrum accumulated over a period of 24 days. No cluster 1s'seen with a

9 8 7

carbon content < 2x10° atoms down to the new limit of ~ 7x10° atoms (~ 6x10

14C atoms). The continuum of the spectra is mainly due to dispersed and presum-
mably atomically dissolved carbon. The decrease in count rate toward longer
drift times is due to the tapered detectbr structure and the increase of drift
time per unit distance toward the far end of the detector. Contributions from

background radiation, which constitute only a small fraction of the continuum,

are subtracted assuming that the background is constant within and outside the
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14C g energy distribution. This gives a total carbon concentration of 1.4x

1013 cm"3 which agrees with the value obtained previously for this crysta]l.
The ratio of carbon atoms in clusters to dispersed carbon is ~ 1:5.

| In summary, a new technique for studying impurity clusters in semiconduc-
tors has been introduced. The technique has beeﬁ applied successfully to the
study of carbon clusters in a high-purity germanium crysté]. The position-
sensitive detector described is of a novel design which can also be applied to
a variety of other applications. On the other hand, for semiconductors with a
substantially higher concentration of impurities and trapping centers, more
conventional types of position-sensitive detectors such as discrete didde
arrays read out individually may be more easily realized for use in this
application. |

We wish to thank F. S. Goulding for his subport and 1hterest. This work

was supported by the Director's Office of Energy Research, Office of Health
and Environmental Research, U.S. Department of Energy under Contract No.
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Figure Captions

FIG. 1.

FIG. 2.

FIG. 3.

(a) Structure of the semiconductor drift chamber.

(b) Potential distribution inside the detector at full depletion.

(c) Schematic representation of the signal currents and the
integrated charges induced af the three contacts afising from the
movement‘of electrons (—Q)‘and holes (+Q) deposited at a point

inside the detector.

Time spectra .of (a) a scan along the detector using a collimated
241Am 60 keV y-ray source at 2 min intervals, (b) and (c) internal
decays in the two halves of the detector, and (d) in a 4 mm wide

strip of the detector.

Distribution of carbon clusters along the length of the detector (a),

and their carbon content distribution (b).
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