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Abstract

The n-type germanium crystals have been irradiated by “Co gamma-ray
with 647 Mrad at room temperature for compensation. The Ge(r) detectors
were fabricated from the gamma-ray irradiated germanium single crystals.
The detector characteristics of the Ge(r) detectors were comparable to those
of thin Ge(Li) detectors and high purity germanium detectors. The thermal
stability of the Ge(r) detector showed a feasibility for ambient tempcriture
storage.
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1. Introduction
In the past decade, the development of
germanium detectors for scientific applicati-
ons has been rapid and widespread.»?%®
Espzcially the Ge(Li) detectors are commonly
used in the radiation spzctrometry because of
their good energy resolution and detection
efficiency. ¥ But the Ge(Li) detectors must
be stored at the liquid nitrogen tempszrature
(77°K) under a back bias to prevent diffusion
of the lithium and consequently the degrad-
ation of the detectors. The fabrication of
the Ge(Li) detectors has met with major
difficulties with regard to the yield of

finished detector and the consistancy of their
energy resolution. ¥

In order to find a thermally stable germa-
nium detectors, many investigators have
studied on the development of the high purity
germanium detectors® and the gamma-ray
compensated germanium detectors (denoted
by Ge(r) detector). 5-1»

The high purity germanium with impurity
concentrations less than 10%m=3 has recently
become available in rather small dimensions.
The depletion layer of a few millimeters can
be achieved at the liquid nitrogen tempera-~
ture. Unlike the Ge(Li) detectors, the high
purity germanium detectors are thermally
stable and can be stored at room temperature
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without any deterioration in detector chara-
cteristics. But the high purity germanium
detector is still in its developing stage.®

The compensation process depends on the
creation of crystal defects by energetic par-
ticles or gamma-ray irradiation. By the ®Co
gamma-ray irradiation, the vacancies and
interstitials are produced in the n-type ger-
manium single crystal. Most of these crystal
defects anneal out at very low temperature,
but a small fraction of the lattice vacancies
form complexes with impurities in the crys-
tal. These complexes produce acceptor levels
deep in the forbidden energy gap and are
stable at room temperature. Thus the n-type
germanium crystal becomes an intrinsic ma-
terial. 1»

In 1965, Ryvkin has reported on a gamma~
ray counter of germanium with radiation
induced defects. ©
few experimental evidences to support the
gamma-ray compensation of germanium cry-
stal. Therefore a further detailed study on

Since then there were a

the germanium compensation by gamma-ray
irradiation was initiated.

In this study, three different n-type ger-
20 and 30 ohm-cm,
which have dopant elements of antimony,
phosphorous and arsenic respectively, were
used for the fabrication of the Ge(r) detectors
and to study the detector characteristics.

The thermal stability of the Ge(r) detector
was also investigated for the ambient tem-

manium crystals of 1,

perature storage.

2. Experimental Procedure

2.1. Detector Fabrication

The Ge(r) detectors were fabricated from
the n-type germanium crystals of the follo-
wing specifications.
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Table 1. Germanium crystal specifications.
Resistivity Net donorDislo-
Sample (ohm-c¢m) Dopant ensity cationUrien-
o (atoms  density tation
(at 300°K) cm=®) (cm—%)
A 1 Sb 4X10%® ? (11D

1800—
B 20 L O3 (R ¢ 1 1)
c-1 30 As  4.5X10° 1500 (11D
Cc-2 30 As  4.5X10" 1500 (11D

The germanium single crystals of (111)
orientation obtained from the Oak Ridge
National Laboratory were employed in the
experiments. Sample A, B and C had different
dopant materials and dislocation densities.
All samples were cut from different crystals,
lapped and polished to a thickness of 1. 1mm
and a diameter of 2.5cm. Initially the sam-
ples had a circular disc shape and these ger-
manium samples were mounted on a light-
tight wooden box and irradiated by “°Co pa-
noramic irradiator at room temperature.

Figure 1 shows the configuration of gam-
ma-ray irradiation by %Co panoramic irra-
diator.

For the accurate gamma-ray irradiation,
the dose rate of ®°Co panoramic
was repeatedly calibrated by ferrous sulfate
dosimeters, Victoreen’s Radocon and 7-meter.
The measured value of irradiation dose was

irradiator

within 4-95% accuracy. The %Co gamma-ray
source intensity was 10,050 Ci on April 12,
1973, and the dose rate was 0.85x10° R/hr
at 10cm from %Co source on March 1, 1974.
For the gamma-ray compensation, the
compensation factor (CF) is defined as:

__ Integrated photon flux
CF= .
donor density

cm (1)

The compznsation factor for the n-type ger-
manium crystals is known to be within the
range of 1.6X10° to 6x10%m. The following
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Fig. 1.

equation approximates the relationship bet-
ween the gamma-ray dose, D, in rad and the
integrated photon flux, ¢:

$=0.9x10°D photons/cm? 2)
Inserting Eq. (2) into Eq. (1),
CPo_ 0.9X10D__ @

donor density

The dose required for a complete compens-
ation of the n-typs germanium crystal varies
from a few hundreds Mrad to more than
several thousands Mrad depending on the
donor density. With the irradiation dose of
270 Mrad, the CF values for samples A, B
and C-1 were 60cm, 3.5x10%m and 5.4x103
cm respectively. The irradiation dose for the
sample A was raised to 1000 Mrad and the
CF value was estimated to be 225cm, which
was not enough for full compensation. Hence,
the sample A had to be irradiated by gamma-
ray dose of more than several thousands Mrad
for compensation. The irradiation dose for
the sample C-2 was 647 Mrad and the corr-
esponding CF value was 13X10°%cm, and which
indicated the complete compensation.

From the estimated CF values for each
germaniun samples and the corresponding
energy resolutions of the Ge(r) detectors,
the generally accepted range of CF values,
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Configuration of 9Co gamma-ray irradiation.

1.6X10°~6x10°* cm, was not valid for the
sample C-2.

Both surfaces and edges of the sample were
carefully lapped with 1200 grade carborandum
powder and then washed in an ultrasonic
cleaner with deionized water, methanol and
trichloroethylene. After washing, the samples
were etched for 5 minutes in a HNO;: HF =
10 : 1 etching solution.

The electrical contacts were applied on
both surfaces of the sample. On one face of
the sample, lithium was evaporated on and
diffused into this face at 350°C for 2 minutes
to provide an n contact.

On the opposite face, pure gold was eva-
porated on in high vacuum to a thickness of
several hundreds A to form a surface-barrier
contact. This contact was circular and it had
an equal area as that of lithium contact on
the opposite surface.

The Ge(7) detector thus made was left for
approximately 40 hours for oxidation in a dry
atmosphere and then clamped on a copper
holder as shown in Fig. 2. A pressure contact
of Au surface to the holdor material and an
In-Ga alloy contact to n surface were provi-
ded.
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2.2. Measurements

In order to examine the process-rate of the
gamma-ray compensation, the capacitance
and resistivity changes were measured at
intervals during the gamma-ray irrdiation
without taking the samples out from the %°Co
irradiaton cell.

The Ge(r) detector was clampzd on a cop-
per cold finger of a liquid nitrogen cryostat.
An In-Ga foil was placed bztween the Ge(r)
detector and the coppzar base for good thermal
contact. The capacitance vs. voltage charac-
teristics were measured in vacuum at the
temperature of 77°K using a LC meter. The
reverse current vs. voltage characteristics
were also measured in vacuum at the tem-
perature of 77°K wusing a microammeter.
During the measurements of detector char-
acteristics, the reverse bias voltage was set
at 30 volts for the samples A,B and C-I,
and 20 volts for the sample C-2.

#1Am and 2°Bi alpha sources were used as
radiation sources in the spzctral measure-
ments. The source was placed at 5cm from
the Ge(r) detector surface in the cryostat,
1075 Torr. In order to examine the collected
charge carriers, the signal currents were
taken from the front and the rear contacts.

In-Ga foil

The gamma-ray compensated germanium detector.

The pulses from the Ge(7) detectors were
amplified by ORTEC-109A preamplifier and
ORTEC-451 main amplifier and then the
pulses were analyzed by TMC-256 channel
analyzer.

The thermal stability of the Ge(r) detectors
was studied by leaving the Ge(r) detectors
Du-
ring the ®Co gamma-ray irradiation, the
thermal effects on the G=(7) detectors at
different temperatures were also studied.

for a long period at room temperature.

The tempsrature maintained during the
compeznsation procedure were at dry ice tem-
perature and at room tempsrature. Two
identical sample B detectors were fabricated
by utilizing two different treatments for
thermal effect study.

3. Results and Discussion

Figure 3 shows the measured capacitance vs.
reverse bias voltage characteristics of the
germanium detectors, sample B, C-1 and C-2.
For these germanium detectors, full compe-
nsations were achieved at about 270 Mrad.
The sample C-2 seemed to have achieved a
complete compensation with the irradiation
dose of 647 Mrad.
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Fig. 8. Capacitancé vs. voltage characteristics
of the Ge(r) detectors (sample B &
C-1)at 77°K.

Figures 4,5 and 6 show the reverse current
vs. reverse bias voltage characteristics of sa-
mple A,B and C-1 detectors respectively.
The sharp rise in reverse current indicates
the poor integrity of the back contacts of the
Ge () detectors. The final surface treatments
seemed rather rough, and the excessive re-
verse current could result in a poor detector
resolution. The reverse currents were found
to be approximately an order higher than the
available data on other types of germanium
detectors. ?

Figure 7 shows the reverse current vs. re-
verse bias voltage characteristics of sample
C-2 detector.

One of the sample B detectors, which was
compensated at dry ice temperature, showed
no significant difference in I-V characteri-
stics from the one irradiated at room tem-
perature.

The spectral analysis was done by TMC-256
channel analyzer after the pulses from the
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Fig. 4. Current vs. voltage characteristics of
the Ge(r) detector (sample A) at
77°K.
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Fig. 8. The germanium detector spectrometer systems.

Ge(r) detectors were amplified by ORTEC-
109A preamplifier and ORTEC-451 main
amplifier. Figure 8 shows the block diagram
of the Ge(r) detector spzctrometer systems.

The spectral parformances of the Ge(r)
detectors were examined after the gamma-ray
irradiation. The spectra from the Ge(¥) de-
tectors, sample B and C-1, are shown in
Figs. 9and 10. The spectra were taken from
241Am alpha source. There was no difference
between the spectra obtained by the pulse
collection from p or n electrodes.

Figures 11 and 12 show the spzctra of the
Ge(7) detector of sample C-2 for ?*!Am and
20Bj alpha sources respectively.

In Fig. 11, the 2.738 MeV pulser was taken
for the energy calibration of the 5.477 MeV
pulse from 2!Am alpha source.

The detector resolutions (FWHM), of sam-
ple C-2 are 87 keV at 5.477 MeV of *'Am
alpha source and 198 keV at 4.65 MeV+4. 69
MeV of 219Bi alpha source. The Ge(r) detec-
tor of sample C-2 showed the best detector
resolution in these experimental results.
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Fig. 11. 2'Am alpha spectrum of the Ge(r) detector (sample C-2) at 77°K.
These detector resolutions are somewhat (FMHM) ,=2.3+0.0294C, keV 4)

comparable to the thin Gz(Li)

detector and

the high purity germanium detector.
The preamplifier resolution (FWHM), is

derived from the following relation of ORTEC-

109A preamplifier circuit.

where C, is the detector capacitance of ger-
manium crystal.

The detector capacitance C, was calculated
from the following relation.™
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Fig. 12. *“Bi alpha spectrum of the Ge(r) detector (sample C-2) at 77°K.

C.=1.1sA/(4zw) DF ®)

where & is the dielectric constant (16 for Ge),
A is the detector area and w is the depletion
layer thickness (0.1cm). Since the germa-
nium crystal was a cylindrical planar type
of 2.5cm diameter and 0.1cm height, the
calculated detector capacitance is 68.75pF.
Inserting this value in Eq. (4), the pream-
plifier resolution (FWHM), is 4.3 keV. The-
refore most of the observed detector resolu-
tion is the contribution from the detector
itself.

The theoretical detector resolution (FW-
HM), of the Ge(7) detector was calculated
from the following relation®,

(FWHM) ,=2.35(cEF) 2 keV (6)

where ¢ is the energy required for an elec-
tron-hole pair creation (2. 98 eV /pair for Ge),
F is Fano factor (0.129 for Ge), and E is
the energy of incident radiation in keV. The
calculated theoretical detector resolution for
1Am alpha source at 5.477 MeV is 3.4 keV.

The calculated theoretical detector resolu-
tions for 2°Bi alpha source at 4.65 MeV and
4.69MeV are about 3.14 keV and 3.16 keV
respectively.

Considering these theoretical and pream-

the observed detector
resolution appzars to be poor. This is attri-
buted to the édge contamination® and impar-
fections introduced during the course of detec-
tor fabrication. The energy resolution may

e improved by placing the source nearer to
the detector with collimation.

For the fabrication of the Ge(Li) detector,
a long term lithium-ion drifting tim= and

plifier resolutions,

high voltage are required in order to make
a large \iﬂtrinsic region, and the Ge(Li)
detector has to bz stored at the liquid nit-
rogen temperature at all the tims. Conside-
ring these disadvantages in fabrication and
storage of Gz(Li) detector, an uniform and
completely compensated. large volume Ge(?)
detector fabrication is quite promising, even
though there is a room to improve the energy
resolution by further study.

The thermal stability of the Gz(7) detector
was investigated during the comp=nsation
procedure and the temparature was mainta-
ined at room temp:rature for all germanium
crystals except one sample B crystal. Two
identical sample B detectors were fabricated
by two different treatments at room tampsz-
rature and dry ice tempzrature.

But there was no significant differences in
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the detector characteristics by the annealing
of radiation-induced defects, indicatings that
the annealing on radiation defects occurs much
below the dry ice tempzrature. In case of the
the samples
but the
actual sample temperature was less than
60° C.

A long term storage of the Ge(7) detector
at room temperature did not show any dete-

room temperature irradiation,

were heated by gamma-ray flux,

rioration in the detector characteristics for
all detectors except for a slight increase in
reverse current. The increase in reverse
current after storage at room tempsarature
may be attributed to the possible contamina-
tion of detector edges during storage. A slight
etching of the detector edge with HNO; : HF
=10:1 solution could recover the reverse
current to original level. The temperature-
cycle from room temperature to 77°K for an
interval of an year had no influence on the
detector characteristics.

The Ge(7) detector had been successfully
fabricated in the form of n-i-p diode with
sample C-2. This detector is comparable to
the thin Ge(Li) detector and to the high
purity germanium detector (net acceptor con-
centration of ~7x10'/cm?®) in their detector
characteristics. In contrast with the Ge(Li)
detectors, ¥ the Ge(7) detector may be stored
at room temperature when not in use. In
order to fabricate the Ge(7) detector, the
donor density of 10** donors/cm?® did not raise
any problem for gamma-ray compznsation
while the high purity germanium detector
requires the crystal donor density of 10!-10'2
donors/cm® or less.® In these respects, the
germanium crystal for the Ge(7) detector is
much easier to obtain than the high purity
germanium. The *Co gamma-ray seemed
much better for homogeneous compensation

‘of germanium crystal than the lithium-ion

drifting method or the high purity germa-

nium compensation.
By the gamma-ray compensation with 270
Mrad, the 20 ohm-cm (P doped) and 30 ohm-

-cm- (As doped) n-type germanium crystals

have -shown fair detector characteristics,
which ‘is quite contradictory to the emphasis
placed on the need for extreme crystal uni-
formity and to the idea that the nature of
the center is strongly dependent on the kind
of dopant introduced in making the n-type
erystal'®. It is safe to assume from the
experimental results- that only the donor
density of original sample (i.e. resistivity)
can affect the germanium detector characte-

ristics. Therefore, the kind of dopant does

not seem to affect the deep level gamma-ray
compensation.

By the gamma-ray compensation with 647
Mrad, the 30 ohm-cm (As doped) n-type ger—
manium crystal has shown quite satisfactory
detector characteristics.

It is-also apparent that the annealing during
gamma-ray irradiation to the n-type germa-
nium has no significant effect on the Ge(r)
detector characteristics. 19

The evaporated gold on to the n-type
silicon forms a good surface barrier; but in
case of germanium, the direct evaporation
of gold on the surface barrier has shown
rather unstable detector characteristics. In
order to avoid this instability, the gold eva-
poration has to be done on the germanium
surface as well as the copper contact ring in

vacuum.

4. Conclusions

The results of this study on the Ge(7)
radiation detector can be summarized as
follows.
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1) The degree of gamma-ray compensation
to the n-type germanium crystal depends on
the degree of
irradiation dose. An irradiation dose of 647
Mrad from *°Co source seems to be quite
adequate for complete gamma-ray compensa-
tion of 30 ohm-cm (As doped) n-type ger-
manium single crystal at room temperature.

2) The energy resolutions of the Ge(7)
detector for *'Am and 2°3i alpha sources
are comparable to the thin Ge(Li) detectors
and the high purity germanium detectors.

3) During the gamma-ray compensation

impurity concentration and

process, there ars no observable thermal
effects on the n-type germanium crystals at
the temperatures below 60°C.

4) The thermal stability of the Ge(r) de-
ector shows the feasibility for storage at
umbient temperatures for more than an year.
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