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Abstract 

Deep level impurities and defects in high-purity 
germanium and silicon radiation detectors are often the 
cause of degraded spectral resolution. Exposure of the 
semiconductor diode to a low pressure hydrogen plasma 
may neutralize the electrical activity of a wide range 
of line and point defects and contaminating impurities, 
such as copper in Ge and gold in Si. The efficiency 
and thermal stability of this technique are discussed. 
The application of other novel methods of defect remov-
al, such as the room temperature drifting of charged 
defects out of the depletion region under the action of 
the electric field in a diode, and the recombination 
enhanced annealing of radiation damage centers in Ge is 
also discussed. 

Introduction 

Radiation detectors fabricated from high-purity Ge 
and Si are sensitive to the presence of deep level re- 
combination centers, either in the bulk of the semicon- 
ductor or on its surface. Electrons or holes created 
by ionizing radiation may be trapped at these centers 
causing degraded spectral resolution, characterized by 
tailing on the low energy side of photopeaks. Because 
of their ability to act as generation-recombiflation 
centers, these defects may also promote excess leakage 
current, preventing the application of the required 
detector operating bias. The deep levels may be pres- 
ent in the as-grown semiconductor crystal, they may be 
introduced during processing of the material or intro- 
duced during operation of the finished device, e.g. by 
radiation damage. The levels may be caused by lattice 
point or line defects (e.g. vacancies interstitials, or 
dislocations), chemical impurities, or complexes of 
these entities. In this paper, we report an investiga-
tion of several low temperature methods of defect pas-
sivation or removal. 

Experiments 

Hydrogenation of Surface and Bulk Defects 

The use of hydrogenated amorphous germanium 
(a-Ge:H) coatings to passivate the surface of Ge 
nuclear radiation detectors Is now a coninon practice', 
and a similar application for a-Si:H as a surface coat-
ing for Si radiation detectors is under investigation 2 . 

Previous experiments by RCA workers 3  showed that in 
low resistivity crystalline Si, surface states presumed 
to be related to Si dangling bonds could be substan-
tially neutralized by hydrogenation. We looked for a 
similar effect in high-purity Ge and Si suitable for 
detector fabrication. Three standard high-purity p-
type Ge detectors (NA - ND . 2 x 10 10  cnr3 , 9 - 2.5 cm 1  

thickness 	1 cm) with bare surfaces were exposed to a 
low pressure H plasma for 2 h at 50C. We found only 
marginal improvement after the plasma treatment, and 
the decrease in leakage current was never as great as 
simply re-etching the surface In 4 HNO3:1HF (Fig. 1). 
Similarly, repeating the experiment with two 1 km, 
2 cm.diameter, 0.3 cm thick p-type Si surface barrier 
detectors, we saw no consistent improvement in leakage 
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Fig. 1. Reverse leakage current-voltage character-
Istics for HP p-type Ge detector with bare surface, 
comparing effects of hydrogen plasma exposure with 
re-etching of the surface. 

current simply by H plasma exposure. Etching the sur-
face or trying to set the surface states by various 
chemical treatments proved more effective in reducing 
the leakage current. This does not preclude the use of 
hydrogen plasmas to "tune' the hydrogen content of 
sputtered amorphous Si films on Si detector surfaces, 
where lower surface leakage currents have been found 
with increasing hydrogen content of the amorphous 
layer2 . 

The use of hydrogenation to neutralize bulk defects 
Is somewhat limited by the relatively slow diffusion of 

H at temperatures below -  600C in crystalline Si and 

Ge. For a typical 3 h, 300% plasma exposure, one can 
neutralize most transition metal-related trapping cen-
ters to depths of 100 um in Ge4  and - 10 urn in Si 5 . 

An additional problem is severe plasma etching of Ge 
surfaces at temperatures above - 700'C. We have, how-
ever, seen significant improvement (20) in detector 
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Fig. 2. DLTS spectra of 10000cm n-t'pe Si: (1) as 
received, (ii) after annealing at 900 C for 2 h in a 
contaminated furnace, (iii) after further heating at 
700% for 2 h in a clean furnace under H2, (iv) 
after heating at 900 0 C for 2 h in a H plasma. 
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resolution of high-purity (60 k0cm) Si surface barrier 
diodes exposed to H plasmas at 900 C for periods of 
several hours for which the diffusion depth of atomic 
H is 3 - 4 mnP. DLTS scans had revealed no point 
defects present in the material, and the initial rela-
tively poor detector performance was ascribed to swirl 
defects in the Si. This fact brings us to an important 
point. The diffusion of H is much more rapid in dis-
turbed crystals, e.g. those containing high dislocation 
densities or lineage. As well, atomic hydrogen is 
known to neutralize the attractive potential of grain 
boundaries7  and dislocations8  for holes. Thus, we 
often have the reverse problem, i.e., not of introduc-
ing H into the material, but of preventing It from 
escaping the crystal and leaving Une defects more 
active in trapping holes. This problem seems certain 
to become more evident as the technology of producing 
very large coaxial detectors improves, with the energy 
resolution becoming ever more sensitive to defects. 
The fact that very long collection paths of electrons 
and holes will be involved means that even small con-
centrations of trapping sites will be important in 
determining detector resolution. Modifications in 
crystal growing procedures may be necessary to prevent 
the outdiffusion of atomic hydrogen from dislocated or 
lineaged regions. As well, the effects of small con-
centrations of defects and impurities may be more 
obvious in high-purity detector material compared to 
the now obsolete Li-drifted detectors, because Li is 
known to passivate many of the acceptor defects that 
hydrogen does also9 . In consequence, the loss of 
hydrogen from defect sites may be analogous to the 
precipitation of Li in Li-drifted detectors, both 
processes leading to worsened detector resolution. 

The effect on 1 kQcm n-type Si of heating In a 
contaminated furnace is shown in the OIlS spectra of 
Fig. 2. The furnace's quartz tube had not been etched 
after previously being used for Au diffusions, and the 
samples were handled with stainless steel tweezers. 
The mention of the use of stainless steel tweezers is 
not a facetious one—a standard method of introducing 
iron onto Si wafers as a diffusion source is to scrape 
a piece of wire across the surface 1011. The feature-
less OLTS spectrum in Fig. 2(i) was displayed by the 
diode prior to heating. After annealing a similar sec- 
tion at 900% for 2 h, we see the characteristic Au. Fe 
and Ni peaks in Fig. 2(u). The effect of these impur-
ities on reverse leakage current is shown in Fig. 
3(11). Heating this contaminated sample in a clean 
furnace for 2 h at 700% in molecular hydrogen causes 
precipitation of a significant number of the metallic 
impurities [Fig. 2(iii)], with a consequent slight 
improvement in the reverse leakage characteristic. 
Heating in a H plasma, however, for 2 h at 700 C causes 
additional disappearance of the centers through neu-
tralization [Fig. 2(11)], and the current voltage 
characteristic displays a significant improvement. It 
should be emphasized that subsequent heating of the 
hydrogenated samples at elevated temperatures will 
cause at least some of the hydrogen to outdiffuse, or 
dissociate from the defect and recombine to form mole-
cular hydrogen in the bulk of the sample. We also note 
that hydrogenation has limited application, and is no 
substitute for contamination-free material and clean 
handling conditions. 

Drift of Charged Defects 

At room temperature many deep level defects in Si 
and Ge are ionized, and we have Investigated the deep 
level analog of the drift of LI under the action of an 
external field. We found that several defects such as 
the Cu and Ni centers In Ge 12 , and the Au center in 
S i13 could be drifted out of the depletion region of 
a reverse biased diode provided the electric field 
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Fig. 3.Reverse leakage current-voltage characteristics 
of the samples from Fig. 2, measured at 300 K. 

strength is high enough. In material with net impurity 
contents > S x 10 12  cnr3  this is easily attained; how-
ever, in detector grade material where NA - ND - 
1010 cnr3, the resultant electric fields are too low to 
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temperature caused annealing of point defects, which 
were thermally dissociated only at 300% (Fig. 6). 
Figure 7 shows the lowering of the dissociation energy 
of the neutron-induced defects by the recombination- 

INVERSE TEMPERATURE K enhanced mechanism, compared to simple thermal 

annealing19 . 
839-fl666 

Fig. 4. 	Schematic diagr4m of annealing rates for a t 

purely thermal process, and a recombination enhanced 

mechanism. 	The activation energy for dissociation is OTOG. 

lowered by the electronic transition energy, ER - 	 IA JOOt *08GM 

(after Kimerling, 	Ref. 	16). I 	 v,I0v N,10V 
 

Tc.10 $ 	 (Ii AS ANOGALLO 

The most important type of damage from a Ge radia- 
IA 2500 3.3AI-1  INJICTION 

tion detector viewpoint is neutron damage. 	To examine 

of injection-enhanced annealing on neutron- the effect 
induced point defects, several large (2.5 cm diameter, INJICTION 

0.5 cm thick) planar Ge detectors with diffused LI n  low 

contacts and implanted B p 	contacts which had been 
109  

U 	0,
40 	 ISO 	200 	220 	240 

irradiated with fast neutrons to a dose of 5 x 	cm-2  SAMPlE TEMPERATURE (K) 

were investigated with OLTS. 	Figure 5 shows the DLTS 
spectra from the two high purity samples given the same 
dose in 1979, and stored at room ambient since that 

the Fig. 6. 	OLTS spectra of NTD Ge annealed at 300'C for 
time18 . 	In the detector taken from 	crystal grown 

of one hour, then subjected to an injected current density 
under a hydrogen atmosphere, there are a number 

taken from the of 3.3 A/cm2  for various periods at 250 K. prominent levels not seen in the sample 



I (K) 

10 L? 

700 600 500 	400 	 300 	250 

H(0.37) LEVEL 

E*0.34.V 

INJECTION 

10 4[ 	 E*0.650V 	

NHACED 

ERMAL 
LU 	 AN NEAL 
I-• 

I- 
I. 

C., 
z 
-J 

z 

1.5 	2 	2.5 	3 	3.5 	4 	4.5 

1000/1 (K) 

X8L 837-t0114 

Fig. 7. Annealing rate of the H(0.37) level in MID Ge 
as a function of temperature for thermal and injection 
enhanced annealing. 

This observation of a recombination-enhanced 
annealing mechanism may have application to proton and 
neutron damaged detectors, which are usually thermally 
annealed in their cryostats at - 150 C for several 
days. However, this can be a hazardous process because 
of the presence of low-melting-point In foil used 
within the cryostat, and the fact that extended thermal 
annealing thickens the Li-diffused n contacts on these 
detectors20 .. It is possible that simply forward bias-
ing the detector for periods of 8 - 10 hours at temper-
atures of 50 - 80% or even lower may be sufficient in 
some instances to restore adequate detector resolution. 
However, a problem for large detectors is that the 
injection-enhanced mechanism is effective only within 
the electron recombination length from the Li contact, 
which will limit the annealed region to depths of 5 rim 
or less. Similarly, in the case of annealing defects 
at lower temperatures than normal by using the charge 
state dependent annealing discussed in the previous 
section, this will be useful only within the depletion 
region created by the reverse bias, which will be 
small at elevated temperatures. 

Discussion 

In high-purity p-type Ge of good crystallinity, 
the bulk defects which cause most problems are the 
well-known copper-related centers, and in dislocation-
free material, the V2H centers. Most Ge crystal 
growing facilities are able to eliminate copper contam-
ination most of the time. As this problem Is solved, 
and detector users press for larger devices with good 
resolution, we feel that the effect of less well-known 
defects such as precipitates and dislocations, will 
become more evident. 

There is also a problem in regularly producing 
large, high quality n-type crystals for the manufac-
ture of coaxial detectors; the possible role of point 
defects and impurities In limiting the performance, and 
yield of these devices is not yet clear. The resist-
ance of these detectors to radiation damage makes this  

a topic which requires a careful correlation of growth 
conditions, detector performance and materials analy-
sis. The techniques discussed in this paper may have 
limited application for certain types of detectors, but 
obviously there is no substitute for truly pure Ge and 
Si. The clean conditions of modern microelectronics 
industry fabrication procedures must at least in part 
be applied to Si detector manufacture where high 
temperatures are required (oxidation, annealing of 
Implanted contact) for a reasonable chance of high 
yields. 
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Abstract 

Deep level impurities and defects in high-purity 

germanium and silicon radiation detectors are often the 
cause of degraded spectral resolution. Exposure of the 
semiconductor diode to a low pressure hydrogen plasma 
may neutralize the electrical activity of a wide range 
of line and point defects and contaminating impurities, 
such as copper in Ge and gold in Si. The efficiency 
and thermal stability of this technique are discussed. 
The application of other novel methods of defect remov-
al, such as the room temperature drifting of charged 
defects out of the depletion region under the action of 
the electric field in a diode, and the recombination 
enhanced annealing of radiation damage centers in Ge is 
also discussed. 

Introduction 

Radiation detectors fabricated from high-purity Ge 
and Si are sensitive to the presence of deep level re-
combination centers, either in the bulk of the semicon-
ductor or on its surface. Electrons or holes created 
by ionizing radiation may be trapped at these centers 
causing degraded spectral resolution, characterized by 
tailing on the low energy side of photopeaks. Because 
of their ability to act as generation_recombiflation 
centers, these defects may also promote excess leakage 
current, preventing the application of the required 
detector operating bias. The deep levels may be pres-
ent in the as-grown semiconductor crystal, they may be 
introduced during processing of the material or intro-
duced during operation of the finished device, e.g. by 
radiation damage. The levels may be caused by lattice 
point or line defects (e.g. vacancies interstitials, or 
dislocations), chemical impurities, or complexes of 
these entities. In this paper, we report an investiga-
tion of several low temperature methods of defect pas- 
sivation or removal. 

Experiments 

Hydrogenation of Surface aid Bulk Defects 

The use of hydrogenated amorphous germanium 
(a-Ge:H) coatings to passivate the surface of Ge 
nuclear radiation detectors Is now a coninon practice', 
and a similar application for a-Si:H as a surface coat-
ing for Si radiation detectrs is under investigation 2 . 

Previous experiments by RCA workers 3  showed that in 

low resistivity crystalline Si, surface states presumed 
to be related to Si dangling bonds could be substan-
tially neutralized by hydrogenation. We looked for a 
similar effect in high-purity Ge and Si suitable for 
detector fabrication. Three standard high-purity p-
type Ge detectors (NA - N0 - 2 x 1010 cnr3, q - 2.5 cm, 
thickness • 1 cm) with bare surfaces were exposed to a 
low pressure H plasma for 2 h at 50C. We found only 
marginal improvement after the plasma treatment, and 
the decrease in leakage current was never as great as 
simply re-etching the surface In 4 HNO3:1HF (Fig. 1). 
Similarly, repeating the experiment with two 1 km, 
2 cm diameter, 0.3 cm thick p-type Si surface barrier 
detectors, we saw no consistent improvement in leakage 
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Fig. 1. Reverse leakage current-voltage character-
istics for HP p-type Ge detector with bare surface, 
comparing effects of hydrogen plasma exposure with 
re-etching of the surface. 

current simply by H plasma exposure. Etching the sur-
face or trying to set the surface states by various 
chemical treatments proved more effective in reducing 
the leakage current. This does not preclude the use of 
hydrogen plasmas to Nt une the hydrogen content of 
sputtered amorphous Si films on Si detector surfaces, 
where lower surface leakage currents have been found 
with increasing hydrogen content of the amorphous 

layer2 . 

The use of hydrogenation to neutralize bulk defects 
Is somewhat limited by the relatively slow diffusion of 
H at temperatures below - 600C in crystalline Si and 
Ge. For a typical 3 h, 300 C plasma exposure, one can 
neutralize most transition metal-related trapping cen-
ters to depths of 100 um in Ge4  and - 10 urn in Si 5 . 

An additional problem is severe plasma etching of Ge 
surfaces at temperatures above - 700C. We have, how-
ever, seen significant improvement (25 00') in detector 
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resolution of high-purity (60 kflcm) Si surface barrier 
diodes exposed to H plasmas at 900 C for periods of 
several hours for which the diffusion depth of atomic 
H is 3 - 4 m4. DLTS scans had revealed no point 
defects present in the material, and the initial rela-
tively poor detector performance was ascribed to swirl 
defects in the Si. This fact brings us to an important 
point. The diffusion of H is much more rapid in dis-
turbed crystals, e.g. those containing high dislocation 
densities or lineage. As well, atomic hydrogen is 
known to neutralize the attractive potential of grain 
boundaries7  and dislocations8  for holes. Thus, we 
often have the reverse problem, i.e., not of introduc-
ing H into the material, but of preventing it from 
escaping the crystal and leaving li-ne defects more 
active in trapping holes. This problem seems certain 
to become more evident as the technology of producing 
very large coaxial detectors improves, with the energy 
resolution becoming ever more sensitive to defects. 
The fact that very long collection paths of electrons 
and holes will be involved means that even small con-
centrations of trapping sites will be important in 
determining detector resolution. Modifications in 
crystal growing procedures may be necessary to prevent 
the outdiffusion of atomic hydrogen from dislocated or 
lineaged regions. As well, the effects of small con-
centrations of defects and impurities may be more 
obvious in high-purity detector material compared to 
the now obsolete Li-drifted detectors, because Li is 
known to passivate many of the acceptor defects that 
hydrogen does also9 . In consequence, the loss of 
hydrogen from defect sites may be analogous to the 
precipitation of Li in Li-drifted detectors, both 
processes leading to worsened detector resolution. 

The effect on 1 kQcm n-type Si of heating in a 
contaminated furnace is shown in the OLTS spectra of 
Fig. 2. The furnace'.s quartz tube had not been etched 
after previously being used for Au diffusions, and the 
samples were handled with stainless steel tweezers. 
The mention of the use of stain-less steel tweezers is 
not a facetious one—a standard method of introducing 
iron onto Si wafers as a diffusion source is to scrape 
a piece of wire across the surface10 ' 11 . The feature-
less OLTS spectrum in Fig. 2(i) was displayed by the 
diode prior to heating. After annealing a similar sec- 
tion at 900% for 2 h, we see the characteristic Au, Fe 
and Ni peaks in Fig. 2(u). The effect of these irTvur-
ities on reverse leakage current is shown in Fig. 
3(u). Heating this contaminated sample in a clean 
furnace for 2 h at 700'C in molecular hydrogen causes 
precipitation of a significant number of the metallic 
impurities [Fig. 2(iii)], with a consequent slight 
improvement in the reverse leakage characteristic. 
Heating in a H plasma, however, for 2 h at 700 C causes 
additional disappearance of the centers through neu-
tralization [Fig. 2(u)], and the current voltage 
characteristic displays a significant improvement. It 
should be emphasized that subsequent heating of the 
hydrogenated samples at elevated temperatures will 
cause at least some of the hydrogen to outdiffuse, or 
dissociate from the defect and recombine to form mole-
cular hydrogen in the bulk of the sample. We also note 
that hydrogenation has limited application, and is no 
substitute for contamination-free material and clean 
handling conditions. 

Drift of Charged Defects 

At room temperature many deep level defects In Si 
and Ge are ionized, and we have Investigated the deep 
level analog of the drift of Li under the action of an 
external field. We found that several defects such as 
the Cu and Ni centers In Ge12 , and the Au center In 
S i13 could be drifted out of the depletion region of 
a reverse biased diode provided the electric field 
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Fig. 2. OLTS spectra of 1000 flcm n-t'pe Si: (i) as 
received, (ii) after annealing at 900 C for 2 h in a 
contaminated furnace, (iii) after further heating at 
700'C for 2 h in a clean furnace under H2, (iv) 
after heating at 900% for 2 h in a H plasma. 

Si: P2 

100011cm 

300K 

(ii) 

10-6 
	

nfl 

z 
LU 

ZD 
C., 

LU 

(iv) 

10.8  
10 
	

100 

VR (VOLTS) 

XSL 839-11665 

Fig. 3.Reverse leakage current-voltage characteristics 
of the samples from Fig. 2, measured at 300 K. 

strength is high enough. In material with net impurity 
contents > 5 x 10 12  cnr 3  this is easily attained; how-
ever, In detector grade material where NA - N0 - 
1010 cnr 3, the resultant electric fields are too low to 
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obtain significant drift of the defects. We reverse 	
(a) Ge 610-7.0 H2 GROWTH ATMOSPHERE 

nDOSE 

biased two detectors (NA - N0 - 2 x 10 10  cnr3 ) at 100 V 	
5 1O 9 Cm 2  

(room temperature) for several thousand hours, but saw 	
Ve 1OV 

no significant change in the concentration of either 	
TcrlOmS 

the Cu-related levels (Cu-Li-H, Cu 2j, or the 	
HI003 H0.16 	

22i, 
divacancy-hYdrOgen level. We note, however, that 	 (i) AS-IRRADIATED  

altering the charge state of a number of radiation 
induced defects in Si by isolating them in a depletion 
region may lower the temperature at which they can be 
annealed. The possibility might therefore exist of 

2OmA/em 2  annealing radiation-damaged Si radiation detectors in 
situ, as is done with neutron-damaged Ge detectors,Thut 	 290K% 

11 TtE a reverse bias applied. 	 < \ 	INJECTION 

C 
Recombination-EflhaflCed Annealing  

	

A further low temperature method of defect removal 	o 	 l G• 606-8.0 N2  GROWTH ATMOSPHERE 

o n investigated was to use electronic stimulation of the 	 OOSE'5'109cm2  

anneal ing process in radiation-induced centers. The 	'— 3 
vN10v 

recombination of electron-hole pairs at defects can 	—' Tc=lonIS 

give rise to enough locally deposited vibrational 
energy to anneal the defect at a much lower temperature 	0 2 

than that at which simple thermal dissociation 
occurs15 ' 16  (Fig. 4). This phenomenon, conrion in 
compound semiconductors, has been observed in 60Co 	

1 

y-ray damaged Ge. By forward biasing the radiation- 
damaged diode at injection current densities as low as 	

01 0.2 A cm-2 , substantial annealing occurred at room 	 10 	 40 	60 	80 	100 	120 	140 	160 
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200 C 17 .  

xa. 831- O7 

Fig. 5. OLTS spectra of fast neutron irradiated Ge (a) 
sample grown under H2 atmosphere, (b) sample grown 
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annealed by forward bias injection of electrons. 

\ 	

VB 	crystal grown under a nitrogen atmosphere, which tenta- 

UJ 
	identifies these levels as being hydrogen- 

related since all other growth conditions were similar. 
Figure 5(a) also shows the injection-enhanced annealing 
of several hole traps during injection at 290 K. These 

Z 	 hole traps were thermally annealed at 180'C after 2 h. 

RECOMBINATION 	
We saw a similar effect in neutron.-transmutation-doped 

z 	
ENHANCED ANNEALING 	

Ge (neutron dose = 10 17  cnr2 ) which had first been 
thermally annealed to repair amorphous regions created 

z 	 EREET-ER 	 by the irradiation. Injection of electrons at room 
temperature caused annealing of point defects, which 
were thermally dissociated only at 300% (Fig. 6). 
Figure 7 shows the lowering of the dissociation energy 

INVERSE TEMPERATURE (Wt) 	
of the neutron-induced defects by.the recombination- 
enhanced mechanism, compared to simple thermal 
annealing19 . 
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Fig. 4. Schematic diagram of annealing rates for a I- 

purely thermal process, and a recombination enhanced 
mechanism. The activation energy for dissociation is 
lowered by the electronic transition energy, ER
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33A'.. INJOCtION The most important type of damage from a Ge radia- IC 2808 

tion detector viewpoint is neutron damage. To examine 
the effect of injection-enhanced annealing on neutron- OCT'08 

induced point defects, several large (2.5 cm diameter, 
0.5 cm thick) planar Ge detectors with diffused Li n  

contacts and implanted B p  contacts which had been 	 40 	40 	so 	100 	020 	140 	ISO 	000 	200 	220 	2*0 

irradiated with fast neutrons to a dose of S x 109 cnr2 SAMPI.E TEMPERATURE (K) 

were investigated with OLTS. Figure 5 shows the OLTS 
spectra from the two high purity samples given the same 
dose in 1979, and stored at room ambient since that 
time18. In the detector taken from the crystal grown 	

Fig. 6. DLTS spectra of HID Ge annealed at 300% for 

under a hydrogen atmosphere, there are a number of 	one hour, then subjected to an injected current density 

prominent levels not seen in the sample taken from the 	of 3.3 A/cm2  for various periods at 250 K. 



a topic which requires a careful correlation of growth 
conditions, detector performance and materials analy-
sis. The techniques discussed in this paper may have 
limited application for certain types of detectors, but 
obviously there is no substitute for truly pure Ge and 
Si. The clean conditions of modern microelectronics 
industry fabrication procedures must at least in part 
be applied to Si detector manufacture where high 
temperatures are required (oxidation, annealing of 
Implanted contacts) for a reasonable chance of high 
yields. 
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as a function of temperature for thermal and injection 
enhanced anneal ing. 

This observation of a recombination-enhanced 
annealing mechanism may have application to proton and 
neutron damaged detectors, which are usually thermally 
annealed in their cryostats at - 150 C for several 
days. However, this can be a hazardous process because 
of the presence of low-melting-point In foil used 
within the cryostat, and the fact that extended thermal 
annealing thickens the Li-diffused n contacts on these 
detectors20 .. It is possible that simply forward bias-
ing the detector for periods of 8 — 10 hours at temper-
atures of 50 - 80C or even lower may be sufficient in 
some instances to restore adequate detector resolution. 
However, a problem for large detectors is that the 
injection-enhanced mechanism is effective only within 
the electron recombination length from the Li contact, 
which will limit the annealed region to depths of 5 nri 
or less. Similarly, in the case of annealing defects 
at lower temperatures than normal by using the charge 
state dependent annealing discussed In the previous 
section, this will be useful only within the depletion 
region created by the reverse bias, which will be 
small at elevated temperatures. 

Discussion 

In high-purity p-type Ge of good crystalliriity, 
the bulk defects which cause most problems are the 
well-known copper-related centers, and in dislocation-. 
free material, the V2H centers. Most Ge crystal 
growing facilities are able to eliminate copper contam-
ination most of the time. As this problem is solved, 
and detector users press for larger devices with good 
resolution, we feel that the effect of less well-known 
defects such as precipitates and dislocations, will 
become more evident. 

There is also a problem in regularly producing 
large, high quality n-type crystals for the manufac-
ture of coaxial detectors; the possible role of point 
defects and impurities in limiting the performance. and 
yield of these devices is not yet clear. The resist-
ance of these detectors to radiation damage makes this 
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