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HIGI-FURITY GERMANIIM: N
DETECTOR FABRICATION AND PERFORMANCE
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Summary

The availability of germanium with less than 1010 acceptors/cm3
has enabled us tv fabricate and study the performance of germanium
detectors of substantially lavger volume than has hitherto been possible

(o]

except by using lithimm-drifting techniques. Detectors having a
sensitive volume of up to 25 o’ have been made. ‘These detectors have
a2 1lithiun diffused n* contact and a metal barrier non-injecting back

" contact, and are totally depleted. The energy resolution of these '
) detectors is similar to that of equivalent sized lithium-drifted detec-
o tors, but the high-purity detectors are easier to fabricate, and pre-
sent mmideﬁbly fewer handling probleus.

5

* This work was done under the auspices of the U. S. Atomic

" Energy Commission.
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‘hitrodiction

~ During the past year we have seen high-purity germsnium detectors
advance from heing an interesting plaything to the point where they
are-on the verge of competing directly, end successiuily, sgainst
lithiim-drifted germanium detectors.
Since lithium drifting is not necessary, these high-purity
germanium detectors have the fumdamental adventages of being simpler
511(1 quicker te fabricate,. and.they can be stored at room temperature

- ‘without. ‘deterioration.- These factors facilitate the constructiom of .

iarge’area mosaics. of detectors,-or thick stacks suitable for measure-

ments on high- energy part:.cles.

0ver the:past year ve have made a :total of almost 100 detectors

from 15 o€ :#he germanium crystals grown by . W. L, Hansen at Lawrence

Berkeley ﬁéﬁdrétpry.'l The .purpose. of -this paper is to, report. our

* . experience with various fabrication methods, general handling prublems

amd’ détector perforzmee. :The perf_oim_me_ of several, detectors will

"'be presented to- illustrate the pattems observed in this study.

Detector abncatmn '

-Nearly all the } high-purity gemam.\m\ crystals ‘grown. in our

r-laboratd'ry have'Been p- type,_ . nSBquently, aJmost a_.. our detector -

davelup-ent work has: been devated to workmg with p~type e al,




material appears t0 be easier to work with because n* contacts that
will support high fields are more readily made than p* contacts--
similar conclusions have been reached elsevhere.’

All the crystals have been grown in the (100] direction by the
Czochralski method, and the detectors made from these crystals have
been depleted parallel to the growth direction.

Three different planar detector shapes have been used:

a) Full area cf the slice.

b) Deep greove cut into the wafer from the n* contact side to
within about 1 mm of the p* cantact. : :

<) Shallow groove, usually 1 mm deep, cut through the n* contact--
tht;,se devices are then mounted in a guard-ring configuration
with the outer region cormected ‘to a dc potential nearly [
equal to that of the central region.

Contacts

Initially the same techniques used for making contacts Sﬁilit}iim-

drifted gevmamum ‘détectors were used for hlgh-punty germanium’ 34

The'n* contact was formed by 11th.11m evaporatmn ‘onto a lapped ‘Surfuce __
followed by a six minute diffusion at 400°C, and the metal barrier

contact consisted of a gold evaporanm unto an etched surface .

Although a niiber of’good detectors vere ‘hiade usm,g “the Au
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This proved to be an improvement, and most of our detectors have.a Cr
back. We later tried a few Pt evapovations; these detectors all with-
stood very high overvoltage (> 1002 V), and additicnal Pt backs will
be tried when electron-gw. evaporating facilities are available.
Recently we have also worked with a Pa-Ge back that appears to be
very pramising, especially in regard to producing an extremely thin
entrance window, An Al diffused p"' contact has alsc shown promise.
‘The lithium-diffusion temperature has now been reduced to 330°C
because of an apparent anomalously deep lithivm-diffusicn tail that
extends the n*-p junction far into the germanium. When lithium is
-diffused at > 350°C, the effect of the diffusion tail is large in
germanivm h;ving zlom acceﬁtnrs/cms or less. The following case
history illustrates the situation. A 1 cm thick detector, 155-10.5,
from crystal 155 that contained 1 x 1010 acceptors/cn’ as determined
by a resistivity measurement, was made using a 375°C diffusion. Our
standard measurements include placing a szi source inside the vacuum
cryostat to determine the depletion voltage by observing the conversion-
electren 1ires, For this detector we first observed the 976 keV
electmné at a reverse bias of only 9 V! However, the capacity-voltage
. curve did not become flat until about 500 V, and the siope of the
curve was much steeper than the expected V_I/ z relationship. Purther-
more, the effective detector volume, as measured by the intensity of
Y:ray lines, continued to increase as the bias was increased wp to at
least 350 V. This result indicates that the n-p junction had been
formed very near the back contact, and that the detector was depleting
back toward the n* contact--in essence, we were working with n-type

gemanium after the lithium-diffusion., If this detector, and others



whose story is similar, were compensated by deep levels, usually
ascribed to Cu diffusion, the resultant spectrometer would be expected
to be extrencly poor because of charge trapping. But with a bias of
only 400 V this detector produced a resolution of less than 2 keV on
the 1173 keV y-ray of 60Co. Purthermore, Cu acts as an acceptor in
germanium, and it could only increase the residual acceptor concentra-
tion in the material.

To clarify the situation, detectors 155-9 and 155-11.5, both
also 1 an thick, were cut from crystal #155 on either side of 155-10.5.
155-9 was preheated to 400°C for six minutes under typical handling
conditions, then cooled prior to a lithium-diffusion at 300°C for six
mimutes. 155-11.5 underwent a 300°C diffusion for six minutes without

any prior heat treatment, Conversicn electrons from w7

Bi first
appeared at 325 V for 155-9, and 250 V for 155-11.5. Although the
capacity-voltage curves did not become flat until about 500 V, the
slope of the C-V curves for both detectors was precisely V'll z These
detectors thus behaved basically as expected, although it appears
that even for a 300° Yithiun-diffusion the initial junction may be
formed at a greater distance into the genmanium than predicted on the
basis of simple diffusion theory. FPurthemnore, both detectors provided
resolutions on 60Co y-ray under 2 keV,

Since these two detectc;rs exhibited essentially identical
characteristics, the high temperature step by itself canmot account
for the unexpected results observed on detectors that had undergone
lithium-diffusion at relatively high temperatures (375°C). An anom-
alously deep lithium-diffusion tail is consistent with these, and

other observations, but more study is necessary before any definitive
conclusions can be made.



. Ve have yet to see any deterioration of the lithium contact due
tc 1ithium precipitaticn in detectors that have been stored at room
temperature for a year. Other laboratsties have reported the same
e)q)erience.s The only significant negative aspect of using the lithium
contact is its thickness. This effective dead layer prevents the

optimm stacking of detectors for counter telescopes.

. General Detector Handling
Esséntially the same procedures as used for lithiwm-drifted

ggmaniwi’detectots are employed by us for the high-purity germanium '

) défectéiﬁs’ . After the contacts have been made, the contact surfaces
are protected with etdi-msigtant tape, and the eicposed surfaces are
etehed For two minutes in 3:1 HNOz:HF mixture (7 1bs HNOg, 1 Ib red -
fuming HNOg, 2 1bs HF). The etch'is quenched in methancl, which is
blown G£F with nitiogen.” After removing the tape, the device is
mownted. in the ci'yost"at; A thin film of indium-gallivm eutectic is

,spfeaé on the n* suiface to provide:a good electrical-comtact.

» Cotitrary toi‘Lla'c‘:ér., Z we have' found. surface ‘stite problems to.
be fir less: troublescms than fot- 1ithiumédrifted-germanim dstectors.
In fact mdarly every cdse‘of :high.leakage current-has been'.caused by
' 'elgcttfbp‘injection at’the métal barrier’ contict:”Purthermore, “the
Surfaces are surprisingly stable. Following succeséful testing, some -
deteyct'ors have beez_1 stored for pericds.up to several months at room
temperature, then renounted succe's;fuilf in a cryaéj;at without any
addltlonﬂl Slﬁfécé 'treaﬁnen.t-‘i‘ Apart. fron’ tﬂmples where the p* contact




degradation, and simply opening the warm cryostat to air, then repump-
ing, has no effect.

These statements may have to be tempered slightly when discussing
ultra-high resolution small-detector spectrameters since a small change
in leakage current can be very significant. Our experience with these
systems is more limited (about 10 detectors), but voltage-current
changes have nct been severe, even in the 10713 & region, although re-

etching the surface hes made a significant improvement cn occassion.

‘Detector Perfomarice R

As examples of dstector performance we will naturally put forth .
our most spectacular results, but these results are generally not )

unique. :

Ultra-High Resolutiorl Systems

Figure 1 prese.nt_ the 55Fe spectrum obtained with a 5 n'm thick,
1; em diameter detector that depleted at about 375 V. Even mthout

overvoltage the altram:e wmdow was® extremelv thin; ; there- were fio more

coumts below the 5.9 "'\I line mﬂmut overvoltage than ths qegligible
mmber dbsériréd at higher \mltaﬁtﬁ. This apparently is due to a built-
£ tha Pd-Ge'back

in F"s tﬁau 1s dlaractenst

If & Au or Cr back

had’ been used ‘on.- th:ls detector an overvoltage ‘of vat least oo v,
probably 200 V, would be necessary before the effectlve window thick-
ness would have decreased toa m:.mmxml, and even then ‘the background

wuuld pmba.bly be s1gmf1cantly higher. than shown: in Fxg.~1.
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Fig. 1. X-ray energy spectrum from & SsFe source.
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cut-off.



This detector, mounted in the guard-ring configuration, had an
effective capacity of about 4.4 pF. The 180 eV resolution for the
5.9 keV Mn X-ray, obtained with an amplifier peaking time of 17 usec,
is nearly equal to the best resolution cbtained with a Si(Li) detector
of equivalent area. Since the pulser resolution was 150 eV the
effective Fano factor was 0.10. The saue Fano factor is determined
from the 470 keV resoluticn obtained with this detector for the 122 keV

y¥-ray of 5700.

241.»‘m photon spectrum is shown in

The low-energy part of an
Fig. 2. Note the fairly intense Ge X-ray escape peaks. These peaks
severely iimit the usefulness of Ge spectrometers as amalytical tools
if photons in the emergy region fram 11.1 to about 30 keV are presemt.

Figure 3 shows a spectrum from the first significant physics
experiment that we are aware of to use a high-purity germanium detector.
A 4 mm thick - 18 mm diameter detector was used to obtain this kaonic
X-ray spectrum of C1. The data were accumulated during three con-
secutive days of continuous muming of the Bevatron. X-rays from
hydrogen-like atoms in which the electrons have been replaced by a
kaon, 2 pion or a sigma are observed. This spectrum has a considerably
lower background than any previcus mesic X-ray spectrum. It is also
the first and only spectrum to show a kaonic induced nuclear y-ray,
in addition to X-ray transitions from the three different types of

exotic atams.
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Fig, 3. Kaonic X-ray spectrum of Ci, X-rays from pionic
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Large-Volume Detectors

We have made a number of approximately 7 cm3 detectors (=3 em
dizmeter - 1 cm thick). The performance of these devices was essen~
tially equivalent to a good Ge(Li) detector of the same size. As
expected, there has been no indication that the best high-purity german-
ium will provide better or worse resclution than the best lithiim-
drifted detectors. .

The availability of germanium crystals having less than 1010
act:eptors/cm3 makes the fabrication of very large volume planar detec-
tors feasible. Figure 4 shows the %Co spectrum from a 2 en thick -
2.8 an diameter detector that has a Pt back, The capacity of this
12 n® detector is only 4.2 pF. Since depletion is reached at 1000 V.
the acceptor concentration is only § x 109/0113.

The charge collection across such a long distance is excellent
in this device. With no overvoltage (1000 V bias) the resolutio\n for
the 1173 keV 9o y-ray is 2.6 keV, at 1500 V it is 2.0 keV, ad at
3500 V it is 1.9 keV --slightly worse than the resolution presented
in Fig. 4 at 3000 V because of additional noise. ‘

The largest planar detector we have yet made is 25 cms, 2 am
thick - 4.0 cn diameter, from another crystal that had an acceptor
concentration of only 5 x 109/cn13. Although the best resolution
obtained with this devics for the 1173 keV y-ray is 2.7 keV at a bias
of 2400 V, it is likely that fabrication problems degraded the per-
formance to seme degree. At the depletion voltage of 1000 V this detec-
tor exhibited considerable charge, trapping; the resolution for the 1173
xeV co y-ray is sbout 5 keV, and the pesk is quite asymmetric
o.Mz, R T,
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Charged Particlé Detection

In December, 1970 A brief test of stopping 40-MoV protons fram
the 88-inch cyclotron was made. A proton spectmm obtained by plac- #
ing a 6 mm thick - 1 x 1 cm area detector directly in the magnetically
analyzed beam (protons were not scattered off a target) is presented
in Fig. 5. The device was operated in the scattering-chamber vacuum,
thus the protons did not pass through a window prior to impinging
on the detector. Collimation of the incident protoms limited the
cxposed area to about the center 4 x 6 mm of the detector. The energy
spread in the beam itself supposedly was 10 keV. Since the electronic
noise was about 7 keV the observed resolution for the entire system
of 19 keV is only slightly worse than prec:licted.6 Although we have
obtained equally good resolution when using a lithium-drifted german-
ium detector in the same experimental arran'ganent,, high-purity german-
ium detectors are generally much imore practical for use with charged
particles because of less handling difficulties.
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Discussion

Significant charge trapping has not been observed in amy detectors
made from crystals grown in pure hydfogem, except in a few cases where
fabrication techniques were proven to be at fault. However, detectors
made from crystals grown in niivogen invarisbly exhibited very severe
trapping, and detectors made from a crystsl grown in vacuum had signif-
icant trapping, while dstectors made from crystals shown'in forming gas
showed slight trapping. Residual oxygen in the crystal-growing environ-
ment gpparently creates charge trapping cencers in the gezﬁzmiun.’

Radial scans of several good detectors have been made by dirécting
a collimated beam of conversion electrons from 207-Bi onto the 'p‘.' side
at different bias voltages. Since wo found-mo variation of .the elec-
tron peaks along the diameter there can be no significant:radial change
in the acceptor concentration. This chservation is contrary to that
reported by Sakai, McMath, and Fowler’ on dstectors made £rom high-
purity germanium crystals grown by R. N. Hall at Gemeral Eiecttic.s
Whether this discrepancy is due to different fabrication techniques
or to the different germanium-growing tédmiques is not known.
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