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HYPERCRYOGENIC DETECTOR-FET UNIT--
CORE OF HIGH-RESOLUTION SPECTROMETER

E. ELAD AND M. NAKAMURA
Lawrence Radiation Laboratory
University of California
Berkeley, California

SUMMARY

A hypercryogénic high-resolution x-ray and
y-ray spectrometer is described. The spectrom-
eter consists of a lithium-drifted germanium de-
tector and a germanium-junction field-effect
transistor (JFET) preamplifier., The detector is
operated at its optimum temperature, which is in
the range of 10-30° K. The JFET's are operated
at liquid helium temperature. This results in
0.28 keV FWHM preamplifier resolution with a
slope of 0,018 keV/pF. Resolutions of the order
of 0.4 keV are obtained with low capacitance de-
geictors for low-energy x rays. The y rays of

Co are measured with 0.68 keV FWHM.

The described spectrometer was used to
study some aspects of the trapping effects in ger-

manium detectors.

INTRODUCTION

Semiconductor radiation detectors are the
basis for high-resolution spectrometers. For
several years the weak link in semiconductor
spectrometers was the input stage of the pream-

plifier. The noise of that stage limited the signal-’

to-noise ratio of the system and hampered the ex-
cellent resolving capabilities of the detector.

This situation changed with the technological ad-
vances in fabrication of junction field-effect tran-
sistors (JFET). Nowadays well-optimized silicon
JFET's having high gm/Cg ratios are increasingly
available. Recently also a germanium planar
JFET was manufactured, and work continues on
high-mobility III - V compound FET's. Field-~
effect transistors have favorable cryogenic char-
acteristics for low-noise amplification. It is
therefore no surprise that with the availability of
the new devices several high-resolution cryoge?i%
preamplifiers using silicon JFET's were built. *~

" A germanium FET preamplifier® was recently

added to the list of high-resolution instruments.

The availability of high-resolution pream-
plifiers increased the importance of seeking op-
timum operating conditions for the germanium de-
tectors. In the present spectrometers, germa-
nium detectors are oPerated above 77 K, some-
times as high as 100 K--in particular, when sup-
ported by electrically insulated holders.  This
method of operation, namely cooling the detector
with liquid nitrogen, is convenient but certainly
not optimum. Information on the optimum opera-
ting temperature of the germanium detectors,
mainly for high-energy y rays was reported by E.
Sakai et al. > They found the optimum temperature
in the range of 20-40 K.

This paper describes a hypercryogenic high-
resolution x-ray and y-ray spectrometer. The
spectrometer consists of a lithium-drifted germa-
nium detector and a germanium junction field-
effect transistor (JFET) preamplifier. - Optimum
operating temperature for the germanium detector
was found for low-energy radiation. That tem-
perature is in the range between 10 to 35°K and it
depends on the particular detector and its history.

The JFET's are operated at liquid-helium
temperature, to attain their high-gain, low-noise
characteristics, superior to the well-optimized
and selected silicon devices. Pulse generator
resolution of the preamplifier for zero external
capacitance is 0.28 keV FWHM (Ge), with a slope
of 0.018 keV/pF.

Several detectors were used in the spectrom-
eter. Low-~capacitance, thin-window detectors
give resolutions of the order of 0.4 keV for low-
energy x rays (5-15 keV), 0.5 keV for higher en-
ergy x rays (50 keV), and 0,68 keV for medium-
energy vy rays (122-keV 57Co). A medium capac-
itance (12 pF), thick-window detector recorded the
57Co lines with 0,93 keV FWHM.

GERMANIUM DETECTORS

Germanium detectors are used extensively
in nuclear spectroscopy. Their principles of op-~
eration are fairly well understood and several re-
view articles have been written covering the var-
ious aspects of detection with these counters.®-

In the following we shall concentrate on the tem-
perature-~dependent characteristics of the compen-
sated germanium detectors,

The equivalent circuit of a lithium -drifted
germanium detector is given in Fig. 4. The cur-
rent generator Iy represents the total leakage cur-
rent of the device, C the junction capacitance, and
R the resistance of the undepleted region. The
leakage current of a p-n junction consists of dif-
fusion and generation bulk components and a sur-
face component, Radiation detectors require thick
depletion layers which are realized by lithium
compensation forming p-i-n structures. In these
devices only the generation components in the bulk
and the surface will be significant. The generatio
current in the bulk space charge layer is given by

n

i

where q is the charge of an electron, A the area of
the diode, W the thickness of the depletion layer,

n. the density of thermally generated carriers, and
7 the lifetime of the carriers. It was assumed that



the generating centers are in the middle of the
energy gap and that the lifetimes of holes and
électrons are equal. The lifetime 7 is given by

2)

’

where 0 is the capture cross section of the gener-
ation-recombination centers, vy, the thermal ve-
locity, and N_ the concentration of generation-
recombinatioRl centers. The main temperature
dependence of I, comes through n; and the life-

time 7. For germanium,
n, = 1,76 - 1016 T3/2 exp (- i‘%ﬂ )s (3)
decreasing strongly with temperature. Unfortu-

nately, there is little information on carrier life-
times (or capture cross sections) at cryogenic
temperatures. There is evidence of increased
trapping of carriers at liquid-helium tempera-
tures. .This will reduce the effective lifetime as
the probability of detrapping at these tempera-
tures is very small. Therefore, the increased
trapping will cause deterioration of resolution
but will not increase the generation current [,
From this we can expect that the generation Cur-
rent will decrease with temperature below 77 K.

The surface component of the leakage cur-
rent is calculated in a similar way to the one used
for bulk generation [Eq. (1)1, as suming a com-
pletely depleted surface. The surface generation
component is given by

I
s

1
-z qniSOAs’ 4)

where A, is the surface area and s( the surface
recombination veélocity expressed by

s

Vth- NgS.’ (5)
with the parameters as in Eq. (2), but for the
surface. The surface current has the same tem-
perature dependence as I, through n; and s3. The
only difference is the indirect temperature depen-
dence of Ny g in the case of nonencapsulated ger-
manium detectors. Liquid~helium cooling acts in
effect as a cryopump improving the vacuum of the
cryostat considerably. Therefore, the probability

. of adsorption of polar molecules on the surface is
reduced, causing a decrease in Ngs.

To summarize, theoretically, the leakage
current I, should be decreased significantly by
reducing the temperature of the detector from
77 Kto 10-20 K. The exact measurement of
I; is complicated because of the small amplitude
of this current. It requires a carefully shielded -
measuring setup and a high-voltage connegctor
with resistance to ground higher than 10°° Q.

The capacitance of a germanium detector is
only weakly temperature dependent. It is inverse-
ly proportional to the thickness of the intrinsic
region, which will be temperature independent in
the case of perfect compensation. Otherwise,
when some ionized impurities are still present in
the compensated region, the capacitance will be

-2-

higher than expected. Decreasing the temperature

- into the liquid-helium range will cause deioniza-

tion of these impurities, which may have shallow
(boraon) or deep (copper) energy levels. This
will consequently decrease the capacitance. Also
deionization of the impurities in the uncompensa-
ted p-region will increase the intrinsic layer and
decrease the capacitance.

Measurements were made on fully (2 pF) and
partially (10 pF) compensated detectors. The ca-
pacitance of these devices at 500 V. decreased be-
tween 30 and 10°K by 1% and 3%, respectively.

The resistance R has two parasitic effects
on the performance of a germanium detector. It
exhibits thermal noise (N 4kTR) and slows down
the rise time of the output pulse. The resistance
R will decrease with temperature between 77 and
10°K, as the mobility of lightly doped germanium
increases in that temperature range.* Consequen-
tly, lowering the temperature of the detector re-
duces both parasitic effects of R.

Summarizing, we can say that the noise
sources of the detector, both shot and thermal,
are reduced and the signal-to-noise ratio im-
proved, as its temperature is lowered below 77°K.
Additional improvement in the performance of a
germanium detector at the hypercryogenic tem-
peratures is made possible by the reduced value of
the leakage current. Higher bias voltage may now
be applied, thus improving charge collection sta-
tistics and reducing the capacitance of the detec-
tor and, therefore, further improving its resolu-
tion.

In the above, the advantages of hypercryo-
genic operation were outlined, but not all the char-
acteristics of the detector improve at reduced
temperature. The main problem that arises is the
increased trapping of carriers, thus causing poor
collection statistics and deterioration of the resol-
ution. Therefore, optimum temperature exists for
the achievement of best resolution. This temper-
ature depends heavily on the amount of trapping
centers and their characteristics and, therefore,
will be a function of the history of the detector and
the energy of the ionizing radiation. Some aspects
of the trapping and detrapping effects are described
in a later section.

THE PREAMPLIFIER

The following preamplifier circuit with mi-
nor modifications was described elsewhere. The
input stage of this circuit and the coupling network
to the germanium detector are shown in Fig. 2.
The input stage consists of two p-channel germa-
nium JFET s type TIXM12 in cascode. The trans-
conductance of that FET as a function of tempera-
ture is given in Fig. 3. Maximum transconduc-
tance for low-current units is obtained at 4.2°K
(transistor case temperature), Low-current FET's
operated at liquid-helium temperatures are em-
ployed in the input stage. The FET's are actually
in the liquid to minimize their 1/f noise, which
increases strongly with temperature, and to insure
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stability of the gain. The FET's are connected to
the passive elements of the stage through low-
capacitance feedthroughs. They are operated with
zero gate-to-source bias and Vpy of approximate-
ly 2 V. The low Vpyg prevents a?arge component
of avalanche-type noise, but also causes rela-
tively large junction capacitances. The germa-
nium JFET's have almost perfect noise uniformity
at liquid-helium temperature. Low-current de-
vices give slightly better signal-to-noise ratios
and therefore those units are used in the pream-
plifier, The selection process is, therefore, ob-
viously simple.

More details on the germanium JFET's and
the rest of the preamplifier circuit can be found
in Refs., 3 and 4.

The coupling between the detector and the
input stage is ac, so as to provide more flexibil-
ity in the operating conditions (temperature and
bias) of the detector; dc coupling should be advan-
tageous in cases when the optimum temperature
of the detector is very low. The resistors Ry and
Ry are kept close to 4.2 K, and their resistance
at that temperature is 400 M2 and 650 M2, re-
spectively, The capacitor C, is a mica capacitor
and its variation with temperature is negligible.
The temperatures of the detector and FET's are
very close and, therefore, thermoelectric effects
in the coupling network are minimized.

The resolution of thé preamplifier was
checked with the conventional pulse generator
test, using a 0.5 pF testing capacitor. The result
obtained was 0.28-0.3 keV FWHM (Ge) with a
slope of 0.048 keV/pF. The low sensitivity to
external capacitance is a result of a relatively
high input capacitance of the FET's (10-15 pF).

THE CRYOSTAT

A cross-sectional drawing .of the lower part
of the cryostat is shown in Fig. 4. The inner
chamber contains liquid helium and is made of
stainless steel. A liquid-nitrogen-cooled ther- -
mal-radiation shield, made of copper, completely
surrounds the liquid~helium chamber. The liquid-
nitrogen (LN) chamber is not shown. The vacuum
chamber is made of aluminum.

In the lower part of the cryostat there are
four identical ports placed every 90 deg. FEach of
the port cover plates is used for a different pur-
pose as follows: 1) beryllium window for radiation
entrance, 2) high-voltage connector, 3) preampli-
fier connector, and 4) connector for the heater
resistors.

A liquid-helium thermal-radiation shield is
placed around the detector. A Mylar strap {not
shown) holds the detector onto the detector plate
and supplies pressure for the electrical contact
shown touching the right side of the detector. The
high voltage is applied to the detector via the de-
tector-plate holder. The detector-plate holder is
insulated from the L-shaped bracket by the sap-
phire rod. Figure 5 is a photograph of the L-
shaped bracket and the detector assembly. We
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use many of the parts previously described by C.
E. Miner, < -

The temperature of the detector is controlled
by the two heater resistors placed between the
liquid-helium chamber and the L-shaped bracket.
The heater resistors connected in series, are 50
Q 1% metal-film elements, which maintain their
resistance at 4,.2°K within a few percent of room
temperature value. By placing a temperature-
calibrated resistor on a dummy detector, the
current flowing in the heater is calibrated to the
temperature at the detector. By monitoring the
heater current we were able to make our measure-
ments at different temperatures without introduc-
ing undue noise caused by the additional wires to a
thermometer resistor. The accuracy of the mea-
sured temperature is +1°K, The lowest temper-
ature attainable under these conditions is 12 K.

The germanium FET's are placed directly in
the liquid helium and their connections are made
via a feedthrough plate (Fig. 6). This plate is a
Varian rotatable conflat flange (No. 954-5072).
The feedthroughs have good vacuum seals and are
chosen for low capacitance and relative immunity
to thermal shock. The feedthrough for the input
gate lead has a glass insulator and capacitance of
1 pF. The others have alumina insulators and
have approximately 3 pF capacitance. The com-
ponents of the gate circuit and the detector are
placed in the vacuum chamber as indicated. This
arrangement provides the lowest noise operation
of the FET's and prevents the thermal radiation of
the FET's from reaching the detector. We choose
FET's with relatively low Ipgg (5 mA at room
temperature) for noise considerations, low heat
dissipation, and minimal loss of liquid helium.

The liquid-helium reservoir contains approx-
imately 1.5 liters of liquid helium. This amount
of the coolant lasts 8 hr with the FET's operating
and 16 hr with the FET's off. Because the liquid
helium cools the liquid nitrogen, there is very '
little LN boiling and consequently less micro-
phonics, The liquid-helium-cooled surfaces are
good cryopumps and no external pumping is re-
quired to maintain good vacuum, This means
that we have no extraneous microphonics caused by
mechanical vibrations of external pumps nor
electrical noise caused by the high voltage of ion
pumps.

PERFORMANCE OF THE SPECTROMETER

The spectrometer was tested with three
different germanium detectors. Two of the detec-
tors were low-capacitance (~2.5 pF), thin-window
devices made at the Lawrence Radiation Labora-
tory, Berkeley, 12 The two were produced from
different ingots and had different histories. The
third detector was RCA's encapsulated unit-type
SIGG 7/30 having capacitance of approximately 12
pF. All three detectors were tested for the tem-
perature dependence of their resolution, and the
results obtained are given in Fig, 7. The pulse-
shaping time constants of the main amplifier were
5 psec integration and differentiation. The source
used was 57Co and the detectors were operated at
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their optimum bias voltages. When cooled with
liquid nitrogen (detector temperature between 80
and 90°K) the proper operating voltage of the de-
tectors was lower and in the case of detector No. 1,
the change was dramatic. The Berkeley detectors
operated with bias around 600 V and the RCA de-
tector with 540 V,

The best results were obtained with detec-
tor No. 1 -- 0.68 keV at 12°K and with bias vol-
tage of 1200 V. With 1500 V the resolution de-
teriorated only slightly and, thus, lower tem-
perature of operation could be advantageous. De-
tector No. 2 showed somewhat excessiye noise at
57°K; its optimum temperature was 22°K. The
RCA detector had optimum temperature of 32°K
and its best resolution for 37Co was 0.93 keV.

The spectrometer using detector No. 1 was
tested with other low-energy sources as 5Mn x
rays, 1Am (Np x rays) and °°Er x rays. The
K, and Kg lines of >’Mn (Fig. 8), only 0.6 keV
apart are measured with 0.405 keV FWHM. The .
resolution for the L, line (L,, = 13.96 keV, Lg,
13 78 keV) of the more comphcated spectrum of
1Am (see Ref. 4) zvas 0.44 keV., Figure 9
shows the x rays of 8Er. We see that the K
doublet, 0.9 keV apart, is well resolved and gi'xe
line (55.78 keV) is measured with 0.495 keV
resolution,

The operation of the germanium detector
with high bias voltages causes an increase in
microphonics. In the described spectrometer,
two distinct frequencies of 200 Hz and 1 kHz were
observed.

TRAPPING EFFECTS

Semiconductor detectors, especially those
from compound materials, 13 suffer from trapping
effects. In germanium these effects are particu-
larly significant at the hypercryogenic tempera-
tures, due to the increased capture cross sections
of the trapping centers (Ut) In the germanium
lattice, any foreign atoms or 1rregular1t1es, such
as dislocations, having energy levels in the band-
gap may act as trapping centers, For a single
trapping level, the probability of detrapping is
proportional to exp (- AE/kT), where AE is the

“activation energy of the trap and T the temperature
of the lattice. The decreasing probability of de-
trapping at hypercryogenic temperatures causes
the appearance of a slow-rising component in the
output pulse of the detector. The waveform of
typical output pulses showing the effect of trapping
is given in Fig. 10. The amplitude of the fast
component Vy decreases with temperature, due to
the increase of the capture cross section of the
trapping centers. The average value of the time
constant (7;) of the slow component increases with
decreasing temperature due to the decreasing
probability of detrapping.

Output pulses exhibiting slow rising com-
ponents were observed” in germanium detectors
below 20 K and in GaAs and CdTe detectors at
room temperature, We observed these pulses
with the described spectrometer in the range of

detector temperatures of 80 to 12°K. The number
of such pulses increases noticeably as the tem-
perature is reduced. At hypercryogenic temper-
atures the average time constant of the slow com-
ponent is very large (~50 pusec), causing a re-
duced amplitude to most of the affected pulses.
This in turn produces distinct satellite pea.ks in
the observed spectrum, as can bs seen in Fig, 14,
In that figure several spectra of 1Am are shown,
concentrating on the 59.57-keV trapped y rays.

The spectra were taken at different temperatures
of the detector with constant detector bias of 1500V
and integration and differentiation time constants
of 5 psec. We believe that the appearance of three
distinct satellite peaks for a single-energy y ray
is due to different trapping centers. From Fig. 11
it can be seen that the apparent energy (pulse
height) of the satellite peaks increases with teme
perature. This is a combined result of decreased
0. and T,. By computing the total amount of counts
and the counts under the satellite peaks, the rela-
tive variation of 0 (assuming the same 04 for the
different traps) with temperature was calculated
and is given in Fig, 12,

As expected, use of shorter differentiation
and integration time constants in the amplifier
(1 psec) gives satellite peaks of lower energy (Fig.
13). By measuring the variation of 7, with tem-~
perature, the activation energies, AE of the traps
can be deduced.

The energy of the satellite peaks varies al-
so with the bias of the detector, as can be seen in
Fig. 14. This figure shows the Am spectra
with the detector at 22°K for electric fields of 2
and 2.5 kV/cm. The variation in trapping rates at
this temperature and such high fields may indicate
hole trapping. Electron drift velocity is already
saturated at the stated conditions.

- Using a collimated source (approximately
1 mm in diameter), we were able to ascertain that
the trapping centers are concentrated in one edge
of the detector. Numerous etchings of the detec-
tor did not eliminate the satellite peaks, indi-
cating bulk trapping centers.

In conclusion, we can say that operation of
the germanium detector at hypercryogenic tem-
peratures may offer valuable information on the
trapping centers and their characteristics in this
material, The presented study of trapping effects
is by no means complete and we hope it will be
continued. Similar study can be performed on
silicon detectors, so as to provide better under-
standing of the trapping effects in that material.
The collected information may prove important
not only in the field of radiation detectors, but
also in the much broader area of semiconductor
devices,

CONCLUSIONS

The temperature dependence of the param-
eters of lithium-compensated germanium detec-
tors was analyzed for temperatures below 77°K.

A decrease in noise and capacitance is accompa -
nied by an increase in trapping as the temperature




is lowered, An optimum temperature exists in
the range between 10 and 35°K for individual de-
tectors.

A high-resolution spectrometer was built
"with a germanium detector at its optimum tem-
perature and a liquid-helium-cooled germanium
JFET preamplifier. Resolutions of the order of
0.4 keV were obtained for low-energy x rays and
0.68 keV for the y rays of 2/Co.

The hypercryogenic spectrometer was used
to study some aspects of the trapping effects in
germanium, We believe that such study will pro-
vide important information for further improve-
ment of semiconductor detectors.
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This report was prepared as an account of Government 3
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








