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I. Introduction 

LBL-19225 

The collaborative program between LBL and IUCF which successfully devel

oped high-purity germanium charged-particle detector systems to the point 

where their use at IUCF could be considered routine was reported in our first 

paper [1]. During their continued successful use in the intermediate-energy 

charged-particle and neutron environment at IUCF, additional observations on 

the characteristics of these detectors have been made. Some of these observa-

tions have provided more definitive answers to questions raised in Paper 1 

while other observations have provided further insight into detector proper-

ties not previously seen or, at least, not previously recognized. The present 

paper is written in a style that assumes the reader has read Paper 1 or will 

read Paper 1 in conjunction with the present paper. 

We have now used 17 different germanium detectors in various combinations 

in over 70 experiments since 1976. A list of these detectors and their use at 

IUCF is provided in Table 1. 

*This work was supported in part by the Director's Office of Energy Research, 
Nuclear Sciences of the Basic Energy Sciences Program, U. S. Department of 
Energy under Contract No. DE-AC03-76SF00098, and in part by the National 
Science Foundation under Grant No. NSF PHY 81-14339. 
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II. Philosophy of Germanium Detector Use at IUCF 

In most key aspects, the philosophy of using germanium charged-particle 

detector telescopes at IUCF has evolved into something very different from 

what has been discussed in previous charged-particle detector telescope 

papers [2-4J. 

Obtaining the best energy resolution that germanium detectors can provide 

has never been of major interest at IUCF because actual resolution is dominated 

by experimental kinematics and beam-energy spread. The statement made in 

Paper 1: IIAn actual working experiment in which the resolution contribution of 

a germanium charged-particle detector was a significant part of the total 

measured resolution has yet to be madell, remains true today. Even if the 

degradation in resolution caused by the experimental geometry and beam-energy 

spread could be made negligible, matching the amplifier gains for the individ

ual detectors in a typical intermediate-energy charged-particle detector tele

scope to sufficient accuracy to take full advantage of the basic resolution of 

the germanium detectors is extremely difficult. As a consequence, high-reso

lution magnetic spectrographs are used for those experiments requiring optimum 

energy resolution. The resolution advantage of magnetic spectrographs is 

further enhanced by beam dispersion matching techniques that cancel the effect 

of beam emittance and kinematic broadening in the reaction plane at the magne

tic spectrograph focal plane [5,6J. This technique has been used with the QDDM 

magnetic spectrograph at IUCF for several years to improve the energy resolu

tion at the focal plane by about 35%, making an overall energy resolution of 

0.036% routinely available. Similar beam dispersion matching techniques have 

also been achieved with a single silicon surface barrier detector; in this 
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case, the reduction in the effect of kinematic energy spreading was about a 

factor of three [7]. Although resolution comparable to that obtained with the 

magnetic spectrograph is theoretically possible for germanium detectors [8], 

in practice, it is very difficult to achieve with a multi-detector telescope 

in a typical nuclear-reaction scattering experiment. 

Germanium detector telescopes are presently used for "survey" type experi-

ments and for those experiments where more importance is placed on observing a 

broader energy spectrum. Because of this emphasis, the advantages of stacking 

detectors together (i.e., a detector telescope) compared to using one large 

detector of equivalent total thickness largely disappear and, in some respects, 

actually become disadvantages. Consequently, we now strongly prefer thicker, 

and thus fewer, detectors in the stack for: 

i. More stopping power per detector 

ii. Simplication of electronics 

iii. Reduction of gain-matching problems 

iv. Reduction of the number of transmission detectors required as these 
remain difficult to fabricate 

v. Nuclear reaction losses in broad energy-range applications are 
usually not of concern. 

As listed in Table 1, a 20 mm thick stopping detector (606-6.1) has been placed 

in service at IUCF. Although this detector has not yet been used extensively, 

we do not anticipate the additional thickness will cause problems. If the 

20 mm thick stopping detector proves successful, we plan on testing a 25 mm 

thick stopping detector. However, we do not think a stopping detector thicker 

than 25 mm is viable. By contrast, the thickness limit on a transmission 

detector is about 18 mm; the reason for this difference will be discussed in 

the next section. 

\;.-.' 

Ii 
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When the LBL-IUCF germanium detector program began, little emphasis was 

placed on detector area since the area of routine planar detectors made at LBL 

at that time far exceeded the area desired at IUCF. All the detectors listed 

in Table 1 have a diameter of about 36 mm while the diameter of the opening in 

the detector mounts (Figure 6, Paper 1) is 25 mm. These detectors could still 

be used if the diameter of the opening in the detector mounts were increased 

to about 30 mm. Since the diameter of the typical collimating aperture placed 

in front of the detector telescope is 9 mm, only a small fraction of the pre

sently available detector volume is actually being used even when multiple 

scattering is taken into account. Consequently, experiments requiring con

siderably greater solid angles could be done using the currently available 

detectors. Nevertheless, interest in germanium detectors having a larger area 

than those presently in use is increasing. Larger diameter, up to 60 mm, 

high-purity germanium crystals of sufficient quality for reasonably routine 

detector fabrication are now believed to be available. We plan on fabricating 

and testing a 55 mm diameter detector in the near future. 
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III. . Optimizing the Impurity Concentration in Germanium Transmission Detectors 

Take note: Do not fabricate a germanium transmission detector from 

material that is "too" pure. Use germanium with a net electrical impurity 

concentration fN O - NAJ of no less than 1.5 x 1010 donors/cm3• In fact, it 

is desirable to have the largest possible net donor concentration consistent 

with maintaining a reasonable value for the depletion bias. This is one of 

the two important new practical points contained in this paper. The reason 

for this very strong and clear conclusion is as follows: 
+ Because the boron ion implanted p contact will withstand a far higher 

+ electric field than will the phosphorus ion implanted n contact, it is 
+ . 

highly desirable to form the junction at the p contact; consequently, 

transmission detectors are made from n-type germanium. The difference between 

the depletion bias and the maximum operating bias, the "Delta" of the detectbr, 

is relatively constant for a given detector. The maximum operating bias of 

the detector is defined as that bias where the leakage current rises to above 

3 nA. Unfortunately, the "Delta" of detectors having a phosphorus ion im
+ planted n contact is rarely more than 200 V. During the course of an ex-

periment the depletion bias of these detectors decreases significantly because 

radiation damage creates p-type defects in germanium causing the net electrical 

impurity concentration IND - NAI to diminish. These decreases in depletion 

bias are observable at particle fluences significantly less than those required 

to cause energy resolution degradation in the charged-particle spectrum. 

As the depletion bias decreases, the leakage current will become exces-

sively high if one attempts to operate these transmission detectors at a "Del-
+ ta" in excess of what the phosphorus ion implanted n contact will allow. 
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Although the usefulness of these detectors can be greatly extended by monitor-

ing the leakage current during the course of an experiment and decreasing the 

detector bias appropriately, this compensatory maneuver clearly has its limits. 

When the electric field throughout the detector becomes too low the charge 

collection is degraded; this degradation is further aggravated by the increas

ing number of radiation-damage induced charge trapping centers. These p-type 

defects thus cause double trouble. For a given particle fluence the depletion 

bias decreases as a linear function of the initial impurity concentration. 

An example of this point will now be presented. Detector 550-8.6, the 

second detector in a three-element germanium detector telescope used in a re-

latively high count rate proton scattering experiment began to show an exces

sively high leakage current, while the first and third detectors (475-10.7 and 

514-7.0) performed normally throughout the experiment. Tests conducted on 

these detectors following the experiment showed that all had been severely 

radiation damaged, but all annealed to their original condition. The differ-

ence in performance arose because detector 550-8.6 was fabricated from germa

nium having an impurity concentration of 7 x 109 donors/cm3 while detector 

475-10.7 was fabricated from germanium having an impurity concentration of 

3.3 x 1010 donors/cm3• The number of acceptors created in the detectors 

during the experiment was determined from the depletion bias changes which 

occurred. The depletion bias of detector 475-10.7 decreased from its damage 

free value of 1700 V to 1250 V, which corresponds to a change from 3.3 x 1010 

donors/cm3 to 2.4 x 1010 donors/cm3• Thus, 9 x 109 acceptors/cm3 were added 

to this detector during the experiment. The depletion bias of detector 

514-7.0 fabricated from p-type germanium, increased from 1600 V to 2300 V, 

corresponding to an increase of 8 x 109 acceptors/cm3 during the experiment. 
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Note that the increase in acceptor concentration in these two detectors is 

larger than the initial donor concentration in detector 550-8.6. Consequently, 

radiation damage caused the germanium in this latter detector to change from 

n-type to p-type which in turn caused a higher electric field at the phosphorus 
+ ion implanted n contact which caused an excessively high leakage current. 

An unexpected, and as yet unexplained, observation in the performance of 

detector 550-8.6 was made during this same experiment. When the detector was 

damaged to the point where the leakage current at the depletion bias was ex

cessively high without beam on the scattering target, the leakage current was 

actually reduced by the introduction of charged particles into the detector. 

With beam present, the leakage current decreased to an acceptable value which 

allowed the detector to be used throughout the run. This "reverse" leakage 

current phenomenon is precisely the opposite of that observed when this 

detector was not severely radiation damaged. This effect has also been 

observed in detector 517-9.7, which also has a relatively low impurity 

concentrat ion. 

The impurity concentration of germanium used to fabricate a stopping 
+ detector, i.e., a detector having a lithium-diffused n contact instead of 

+ a phosphorus ion implanted n contact~ is far less critical. Most stopping 

detectors are fabricated from p-type germanium although there is no fundamental 

reason for this and, as discussed in section V, there may be strong arguments 

in favor of using n-type germanium. The "Delta" of a good stopping detector is 

sufficiently large that the depletion bias change caused by radiation damage 

during the course of an experiment rarely will cause a problem. No problem of 

this nature has ever ocurred at IUCF. 

.J 

·f 
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IV. Increase in the Thickness of the Lithium-Diffused n+ Contact Caused by 
Annealing 

As discussed in Paper 1, a major concern about detectors with lithium-
+ diffused n contacts has been the increase in thickness of this dead layer 

caused by annealing following radiation damage. The dead layer thickness on 

detectors 514-7.0 and 514-8.6 is plotted in Fig. 1 as a function of annealing 

time at temperatures which varied between 90° and 150°. After about 750 hours 

for detector 514-7.0 and about 1000 hours for detector 514-8.6 essentially all 

the annealing took place at 140°C or higher. Although we lack sufficient data 

to determine the curve precisely, there is little doubt the increase in the 

dead layer growth rate that occurred in each detector around 1000 hours was 

caused by the increase in our annealing temperature. The thickness of the 

dead layer on detector 514-7.0 now appears to be increasing at a slower rate 

than before, probably because the source of lithium has been largely expended. 

Whether differences in annealing temperatures can fully explain the differences 

in dead layer growth rates for these two detectors as discussed in Paper 1 

remains uncertain. To answer this question clearly a more controlled experi

ment is required. However, the important practical conclusion to be drawn 

from our data is that, when obtaining a stopping detector for use in an 

environment that will require repeated annealing, one must allow for a 

significant dead layer. For example, although detectors 514-7.0 and 514-8.6 

have a physical thickness of 15 mm, their effective thickness is now only 

12 mm. 

Note that the accuracy of the dead layer measurement as determined by 

measuring the ratio of the 40 keV to the 100 keV photon intensities from a 
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153Gd source decreases rapidly with increasing thickness of the lithium

diffused layer because of the severe attenuation of the 40 keV x ray. With 

this technique, accurate measurements are possible only up to a dead layer 

of about 2.5 mm. For measuring dead layers thicker than 2.5 mm, we compare 

the count rate when photons are incident on the essentially windowless boron-

implanted face of the detector to when photons are incident on the lithium

diffused layer. Both the 100 keV gamma rays from 153Gd and collimated 

59.54 keV gamma rays from 241Am have been employed although the collimated 

59.54 keV gamma rays provide a considerably more sensitive measurement. As 

demonstrated in Fig. 2, the effective dead layer thickness of the lithium

diffused contact, as measured with collimated 59.54 keV gamma rays, decreases 

Significantly as the bias is increased. This occurs because the concentration 

of lithium near the end of the diffusion tail is sufficiently low to allow a 

substantial thickness of this tail to be depleted. This lithium-diffusion 

tail also diminishes the precision of a C-V measurement for determining the 

bias at which the germanium not containing lithium is depleted. However, 

careful observation of the C-V curve in Fig. 2 reveals a change in slope at 

about 1200 V; the depletion bias determined by measuring both the ratio of 

40 keV to 100 keV photon intensities and the count rate of collimated 59.54 

keV photons through the boron-implanted contact was also about 1200 V. 
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V. Radiation Damage and Annealing 

The ramifications of radiation damage and subsequent annealing have 

continued to playa central role in the use of germanium detectors at IUCF. 

The radiation damage discussed in Paper 1 was caused almost entirely by 

charged particles; a germanium three-element telescope (consisting of 

detectors 475-10.7, 501-6.7 and 514-7.0) has since been severely damaged by 

fast neutrons. Unfortunately, the neutron fluence and energy distribution 

were unknown. Two apparent differences between the effects of neutron damage 

and charged-particle damage were observed. First, the measured or observed 

60Co gamma-ray resolution of all the detectors deteriorated before there was 

a significant change in detector depletion bias. This was precisely the 

opposite of what had been observed for charged-particle radiation damage. 

Detector 475-10.7 had a depletion bias decrease of only 300 V during the 

course of the experiment, yet the 60Co gamma-ray resolution deteriorated 

Significantly. The explanation for this apparent difference between neutron 

and charged-particle damage is very simple and has been experimentally 

verified. Since the diameter of the typical collimating aperture in front of 

the 36 mm diameter detectors was 9 mm, only a very small portion (less'than 

10%) of the detector volume was damaged by charged particles. However, the 

60Co gamma rays sampled the entire detector volume almost uniformly and, 

consequently, the "good" 60Co counts were coming from the undamaged portion 

of the detector. On the other hand, when the damage was caused by neutrons, 

the entire detector volume suffered damage, leaving no undamaged portion to 

provide the charge collection necessary to produce "good" 60Co counts. 
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The second and more significant. difference was that the annealing time 

required following fast neutron damage of detectors made from both n-type and 

p-type germanium was about three times the annealing time required when these 

detectors had been damaged by charged particles. This result is consistent 

with previous observations [9J. 

We now present the second of the two important new practical points con-

tained in this paper. Detector 514-7.0 fabricated from p-type germanium 

required about three times the annealing time the two detectors (475-10.7 and 

501-6.7) fabricated from n-type germanium required. Although data on the 

annealing times required following the charged-particle damage of detectors 

made from n-type germanium relative to detectors made from p-type germanium 

had existed at IUCF prior to the experiment that caused neutron damage, this 

annealing time difference had not been previously recognized. These results 

are summarized in Figs. 3 and 4 which show the annealing history following 

both neutron and charged-particle damage. The depletion bias was determined 

by measuring the ratio of the 40 keV to the 100 keV photon intensities from 

a 153Gd source. 

We are now preparing some experiments that should more quantitatively , 
determine this important annealing time difference, but the observations 

reported here indicate that it is very desirable to use only detectors made 

from n-type germanium in a high-radiation environment. As a routine conse

quence of doing an experiment, the 500 hours (- 21 days) of annealing required 

for detector 514-7.0 (Fig. 3) is excessive. However, the 150 hours required 

to anneal the detectors made from n-type germanium is not unreasonable. An-

other reason for avoiding unnecessarily long annealing times is the additional 
+ increase in the thickness of the lithium-diffused n contact that occurs 

during the additional annealing timeo 
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Fig. 3 Plot of the difference between the original (pre-radiation damage) 
depletion bias and the depletion bias as a function of anneal time 
for detector 514-7.0 fabricated from p-type germanium. 
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Detector 501-6.7 (N-Type Ge) 
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for detector 501-6.7 fabricated from n-type germanium. 
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The discovery that detectors fabricated from n-type germanium require 

significantly shorter annealing times than detectors fabricated from p-type 

germanium has important implications for a much larger fraction of the 

germanium detector world than the miniscule fraction which charged-particle 

detectors occupy. Germanium coaxial detectors used for measuring gamma rays 

~. totally dominate this world. If a coaxial detector is to be used in an en

vironment where radiation damage is likely, the detector of choice has the 

reverse-electrode configuration [10,11]. To establish a high electric field 

at the periphery, reverse-electrode coaxial detectors are usually fabricated 

from n-type germanium. However, some reverse electrode coaxial detectors con

tain an appreciable amount of very high-purity p-type germanium. Consequently, 

the n-type vs p-type annealing difference casts serious doubt on the conclu

sions reached concerning thermal cycling very lightly neutron-damaged reverse

electrode coaxial detectors [12], unless one is certain the detectors were 

fabricated from almost entirely n-type germanium. Furthermore, the conclusion 

that the much shorter annealing time required for restoration of a badly 

neutron-damaged reverse-electrode coaxial detector (compared with a conven

tional-electrode coaxial detector exposed to the same neutron fluence) can be 

completely attributed to the relative sensitivities of the respective elec

trode configurations to hole trapping [13] must be modified to include the 

n-type vs p-type annealing difference observed with planar detectors. 
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VI. Conclusion 

In Paper 1 we concluded that germanium detector telescopes would operate 

reliably for several days in most intermediate-energy nuclear research appli

cations. The experience since then has proved the correctness of that state-

ment many times over. Table 1 shows emphatically that these detectors can be 

used and reused indefinitely in spite of radiation damage sustained during 

experiments because they can be successfully annealed. Several of these 

detectors have gone through over forty radiation-damage and anneal cycles. 

Today all but three of these detectors have essentially the same operating 

properties as when received from LBL and only one of the three detectors on 

the currently inactive list is considered retired. Even this lone 1.2 mm 

thick detector {541-12.8} could be revived in a slightly smaller diameter form 

by removing the outer 1 mm wide lithium-diffused ring that has diffused 
+ through to the p contact causing an electrical short across the detector, 

but since it is a relatively cheap device, the effort to put this detector 

back into service at IUCF will probably not be made. Except for the increase 
+ in thickness of the lithium-diffused n contact on stopping detectors, the 

annealing process has not as yet had any adverse effects on the properties or 

usability of the detectors. 

Although the goal of the LBL-IUCF collaboration was only to develop germa-

nium charged-particle detector telescopes, this program has provided important 

insight on the properties of germanium detectors in general--insight that is 

having widespread influence on the much larger germanium gamma-ray detector 

world. In fact, we can say that the LBL-IUCF collaboration now has a second, 

unofficial, goal of studying detector physics with an emphasis on radiation-

damage effects. 
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Appendix 

Transmission Detector Technology Update 

Transmission detectors usually require relatively thin dead layers on both 

the entrance and exit surfaces; these surfaces normally also provide the 

electrical contacts. 
+ -

Thin p contacts which can consistently sustain high 

electric fields with very low leakage current can be produced by boron ion 

implantation. . + Thln n contacts can be formed by phosphorus ion implantation, 

although the resultant contacts are of much lower quality (sustain lower 

electric field, higher leakage current) compared to boron implanted contacts. 

Most of the transmission detectors presently at IUCF were fabricated using the 

process described previously [14,15]. However, later improvements in this 

process were used in fabricating the more recent detectors. For completeness, 

the full updated process is described below. 

After a germanium crystal slice of appropriate impurity concentration, 

thickness and diameter is selected and cut, the two opposing faces are lapped 

and then chemically polished using 7:2:1 (HN03:HF:Red fuming HN03) etch to 

remove all the mechanical damage. Immediately before phosphorus ion implanta-

tion, the germanium is given a brief etch in 7:2:1, quenched and rinsed in 

distilled deionized water (DOW), followed by an -10 min soak in 1% HF to 

remove the oxide layer on the surface. The germanium is then rinsed with DOW ~ 

and blown dry with nitrogen gas. Phosphorus ion implantation is carried out 

with the germanium cooled to liquid nitrogen temperature. The implant dose is 

6 x 1014 ions/cm2; the ion energy is 25 keV. (The previously reported dose 

of 1 x 1015 ions/cm2 was actually 6 x 1014 cm2 because of an error in the 
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calibration of the ion implanter.) The beam current is maintained at or below 

-1 ~A to reduce sample heating. The implant angle is _8° off the crystal axis 

to avoid channeling. After implantation, but before thermal annealing, the 

implanted surface is carefully masked using picein wax and the rest of the 

germanium is given a brief spray-etch with 7:2:1 followed by a rinse with 

~ DOW. This step removes surface contaminants created during implantation which 

may diffuse into the germanium while the contact is being annealed and cause 

charge trapping in the detector. After the picein is removed, the germanium 

;s annealed in an argon atmosphere as follows: 150°C for 40-60 hours; from 

150° to 330°C in 3 hours; 330°C for 30 minutes; slow cool down to room 

temperature. Next, the implanted contact is masked again with picein and 

• 

the p+ contact is formed on the opposite surface by boron ion implantation 

(1 x 1014 ions/cm2, 25 keV, room temperature); pre-implant treatment is 

the same as that for the phosphorus contact. Following implantation, the 

boron contact is metalized with palladium bye-gun evaporation. Before the 

detector can be used, the side surface is etched in 7:2:1 for -30 sec, 

quenched and rinsed in methanol, then blown dry with nitrogen. The contacts 

are protected by etch-resistant tape during this step. Hydrogenated amorphous 

germanium ;s then sputtered over the side surface for passivation [16J. This 

has proven to be a very durable surface passivation which has allowed these 

telescope detectors to be used over a period of many years with numerous 

vacuum-to-room air and thermal cycles without significant changes in detector 

characteristics. 

The essential difference between this and the previously published fab

rication process is that a lithium-diffused ring surrounding the phosphorus 

contact is no longer used. It was found that, by careful handling to avoid 
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mechanical damage or under-etching of the edge of the phosphorus contact dur

ing processing, a lithium ring is not necessary. This simplifies fabrication 

and greatly facilitates the reprocessing of transmission detectors. Further

more, transmission detectors can be safely annealed to repair radiation damage 

for an indefinitely long period of time or at higher temperatures without the 

risk of extended diffusion of the lithium ring which could "short-out" a thin 

detector (see section VI) or cause a decrease in the effective area of the 

detector. The absence of a lithium ring also means that thinner transmission 

detectors are more feasible. Another difference from the previously published 

process is that the phosphorus-implanted contacts are left unmetalized because 

evaporation of metal over the contacts apparently degrades their performance. 

The resultant increases in infrared induced leakage current and contact resist

ance do not affect the performance of these detectors in this application. 

The maximum electric field that the phosporus-implanted contact can sus

tain before the onset of an unacceptably high leakage current is still, in 

most cases, limited to several hundred V/cm. While improvements in this area 

could alleviate some of the constraints imposed on the operation of these 

detectors as discussed in this paper, no proven process has yet been developed 

that can consistently produce n-type blocking contacts with the ability to 

sustain a substantially higher electric field. 
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