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ELECTRICAL PROPERTIES Or DISLOCATIONS* 
IN ULTRA-PURE GERMANIUM 

G. Scott Hubbard and Eugene E. Haller 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 U.S.A. 

Abstract 

Defect states due to grown-in dis'ocations in ultra-pure p-tvpe geranium 

nave s°er observed u:ing Deep Level Transient Spectroscopy 'DLTS1 and Ha' 1 

e"ect. '"hese states are found to be composed of two bands of acceptor type 

'fc'!s ninse enerqy and half width arp influenced by both the presence o f 

hydroqe" and the crvsta1 growth direction. At a net acceptor concentration nf 

I'"1'"' ' T ' ' a thresho!d dislocation dens'ty of 10 cm"' is reouired f^'' the 

observation of dislocation bands. 

Introduction 
The need for large volume, high resolution photon and charged-pa--'''c le 

1e*>-r t.ii-s which can he hand'ed and stored at m o m temper at ,>'e or h-Qhe-- ha r 

i Q _ 3 led to the development of ultra-pure germanium |(N.-N ' ? x 10' cm I 

in our 'aooratory and elsewhere (1,?K Sinqlp crystals im«n by t he C."irh".a'-

s'<i 'nethod in [111], [100] and [1131 directions in H ?, N, '1 atm1 and in a 

vacuum of 10 Torr, have been produced in the course of this work. T*ie 

dislocation density in these ir-%vstals. as revealed by preferential etchina, 
5 -? •nay range from 0 to 10 cm . Ultra-pure germanium suitable for detector 

7 3 -2 
fabrication typically contains 10 - 10 dislocations cm 

This work was supported by the Division of Physical Research of the J. S. 
Department of Energy under Contract No. W-7405-ENG-4S. 
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The energy resolution of detectors made from this germanium is sometimes 
worse than expected from charge production statistics and electronic 
noise (3). This degradation in resolution, characterized by asymmetric and/or 
broadened peaks, has been correlated with a number of lattice defects includ­
ing dislocations. It has been shown by Glasow and Haller (4) that when the 
dislocation density exceeds 10 cm the full width half maximum (FWHM) of 
a spectral line increases rapidly. Such a marked influence of grown-in 
dislocations on device performance has led us to further investigate the 
electrical properties of these defects in ultra-pure germanium. 

While the electrical properties of dislocations induced in germanium by 
plastic deformation have been examined experimentally for some time (5-7), 
little is known about the electrical properties of dislocations in undeformed 
germanium. The reasons grown-in dislocations have not been examined are 
twofold: (1) By twisting or bending the crystal, dislocations of mainly one 
type (e.g., edge, 60° or screw) can be created, thus rendering the experiment 
more amenable to theoretical modeling. Curing the process of crystal growth, 

there is no way to control the type of dislocations which occur. (2) Large 
7 R -? numbers of dislocations (EPD - 10-10 cm ) made by deforming the crystal 

were needed to create an electrical effect which could be detected above the 
chemical impurity background in the germanium used []N,-Un] - 10 -10 cm ]. 
In the present study, the low concentrations of chemical impurities has 
enabled us to examine the electrical effects of fewer than 10 dislocations 

-? 
cm ". 
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Experimental Techniques 

Preferential Etching 

The samples used for dislocation counting were first cut perpendicular to 

the axis of crystal growth (either [100] or [1131), lapped with 600 and 1900 

grit lapping compound and then polish-etched in a 7:2:1 mixture of HMO,, HF 

and red fuming HNO,. Dislocations were then decorated by means of a prefer­

ential etchant. For [100] samples, a one minute etch with a mixture of 

CuN03(10S0:HN03:HF (1:1:2) was used. Revealing etch pits on the [113] 

plane required 6-10 minutes in a solution of CuN0,(10%):H202:HF (1:1:2) 

as described elsewhere (8). The average etch pit size tends to be much 

smaller for [113] dislocations, accounting for a different appearance in 

photographs (see Figures 1 and 5). 

E.irly work by Vogel (20) established that certain rows of etch pits in 

geriranum revealed by preferential etching were due to purely edqe aisloca-

tions hhich formed a lineage or low angle grain boundary. Vogel assumed 

that ot'ier "isolated" etch pits were also edge dislocations, although this has 

not been proven. Preliminary observations using x-ray topography techniques 

on (100| crystals grown in our laboratory suggest that individual grown-in 

dislocations of many different types may be found in the same crystal 

slice (19). We also observe lineages in our samples as described hy Voqel and 

assume that they are made up of edge dislocations. 

Hall Effect 

Variable temperature Hall effect measurements were made on p-type slices 

over the temperature range 5K to 300K. Samples were cut to a size of 

We will follow the generally accepted terminology that defines a lineage as 
any low angle grain boundary where the degree of misfit is < 1° (9). 
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approximately 1 cm x 1 cm x 2mm, lapped and polish etched as described in the 
previous section. Ohmic contacts were made by indium solder applied to the 
four corners, yielding a Van der Pauw geometry (10). A magnetic field of 6000 
gauss was used in the temperature range 300K to 77K while a field of 1200 
gauss was applied below 77K. Low field corrections due to magnetoresistance 
effects were thereby minimized. Temperature measurements were taken using a 
silicon diode thermometer (11) which can be used over a temperature range of 
4K to 300K, thus eliminating the need to switch between sensors. 

Deep Level Transient Spectroscopy (DLTS) 

Deep Level Transient Spectroscopy using the correlator technique 
described by Miller et al (12), was also employed to examine the electrical 
effects of dislocations. Details of our experimental set-up can be found 
elsewhere (13). All the diodes used in this work ,;are p-type and were 
fabricated with Li-diffused n -contacts and B ion-implanted p -contacts. 
Each diode had a surface area of a few cm and was about 3mm thick in order 
to maintain a similar capacitance from sample to sample. Unless stated other­
wise, all spectra discussed in this paper were taken with a correlator time 
constant of 3 msec. The power of this technique lies in its spectroscopic 
nature. While the Hall effect gives the concentration and mobility of various 
impurities in an unambiguous fashion, determination of energy levels, partic­
ularly those close to the middle of the forbidden band, can be quite diffi­
cult. With DLTS the presence of a peak for a given deep impurity makes acti­
vation energy measurement more precise. 
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Electrical Properties of Srown-In Dislocations 
Dislocation Density 

Earlier work with many detectors having differing etch pit densities 
4 -2 

(EPD) had already suggested that at an EPD = 1 0 cm , dislocations caused 
pronounced electrical effects. Accordingly, we elected to study crystals in 

4 -2 which tne EPD increased from a few thousand to ~ 1C cm in a short 
distance along the length of a crystal so that the concentration of shalljw 
impurities would be nearly constant. An example is shown in Figure 1, DLTS 
spectra for three nearby samples of differing dislocation density were taken 
using the same experimental conditions for each sample. Below an EPD of 

3 -2 
= 1 0 cm , dislocations in as-grown crystals are usually widely separa­
ted (sometimes > 1mm) and randomly scattered. DLTS spectra of these low EPD 
samples show no features correlated with dislocations under even the most 

* 3 - 2 
sensitive conditions. At an EPD of about 5 x 10 cm , as shewn by 
281-6.5(1), some dislocations begin to cluster and a broad, small peak appears 
in the DLTS spectrum at ~ 23K. As the dislocation density increases, more 
clustering occurs and the peak becomes more pronounced as shown by sample 
281-6.5(2). Microscopic examination revealed that nearest neighbor distances 
in the etch pit clusters are on the order of 25 um. It is not clear whether 
this clustering is due to the multiplication of previously isolated disloca­
tions or som'; driving force. 

At an average EPD of 15 x 10 3 cm virtually all dislocations appear 
to fc-m short lineages where- nearest neighbors are about 15 urn away, as 
demonstrated by sample 281-7.6(2). New the peak (labeled -b-) is very large, 

In the spectra shown, the signal to noise ratio is ~ 100:1. 
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with a maximum at 22.4K. The natural line width (AT) of a single defect state 
is -0.14T where T is the temperature at the peak position. Peak -b- has a 
half-width of l.'K, which is 3.5 times the natural line width. Following the 
approach of Kimerling (21), we will express the bandwidth of the dislocation 
related defect as 3.5 k AT (or 0.<>5 meV) in this case. By plotting the dislo­
cation peak position as a function of the correlator time constant an activa­
tion energy of E„ + 0.02 eV was determined. 

There is a smaller feature in the spectra (labeled -a-) which extends to 
much higher temperatures and accompanies the -b- peak. The -a- peak bandwidth 
may be as much as 10 times that of a peak due to a single energy level. This 
evidence suggests that the dislocations give rise to two series or bands of 
levels. 

The Hall effect data (Figure 2) for sample 281-7.5 shows features which 
compare directly with the DLTS spectra. Deionizing from 77K to 30K (-a- in 
Figure 2) appear to be distributed levels with a total concentration of 

9 -3 5 x 10 cm" . Since the temperature range over which this level deiom'zes 
is very similar to the small broad peak (also labeled -a-) in Figure 1, we 
believe they are due to the same defect. Measurement of the freeze out slope 
of feature -a- yields an activation energy of E v + 0.014 eV which is at 
variance with the temperature at which the levels appear. From the point at 
which 50% of the levels are deionized, an energy of E„ + 0.08 eV is calcu­
lated. Similarly, the feature -b-, which freezes out between 30K and 20K, has 
an activation energy of E„ + 0.02 eV when the slope is measured and an 
energy of E.. + 0.04 eV when the temperature of 50% carrier freeze out is 
considered. Over nearly the same temperature range we observed peak -b- in 
Figure 1 which also had an apparent activation energy of 20 meV, suggesting 
that the same defect has been measured by both techniques. Since no other 
deep chemical acceptors were found by either method, the evidence indicates 
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4 -2 that grown-in dislocation densities of ~ 10 cm give rise to two 
distinct bands of acceptor type levels in ultra-pure germanium. 

Crystal Growth Ambient 
An empirical observation of high-purity germanium crystal growth has been 

that only those crystals grown in an atmosphere of pure H, are consistently 
free from charge trapping and thus usable for detector fabrication. This 
observation has led us to discover numerous instances where hydrogen plays an 
electrically active role in the germanium la* "ice as a component of various 
impurity complexes like divacancy-hydrogen (V. ), copper-hydrogen (CuH) and 
others (14,15,22). 

Figure 3 shows DLTS measurements comparing two crystals, one grown in 
H 2 and the other N 2- Sample 135-17.5(2) has EPD ~ 10 3 cm" 2 and 
contains the chemical impurity copper which has three acceptor levels, one of 
which appears nea- 20K (E.. + 0.04 eV). No trace of any band of levels 
related to dislocations could be found. In another part of the same slice 
where the EPD ~ 10 cm [135-17.5(1)*], two very broad dislocation bands 
appear in addition to the copper peak. By comparison with a sample grown in 
H„ with similar EPD [281-7.6 (1)] the dislocation bands in N ? grown 
crystals are much broader. In face, the feature at -b- has a very nearly flat 
top and FWHM of 8.4 k AT (2.7 meV). As with the crystal grown in H ?, there 
appears a second dislocation band, -c-, which extends to higher temperatures 
than the corresponding band in the H ? crystal. 

At times during the growth of germanium crystals, the dislocation density 
will increase non-uniformly so that it is possible to have both high and low 
EPD on one slice c;.t perpendicular to the growth axis. 
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Hall effect measurements of low EPD (10 cm" ) and high EPD ( 2.104 c m ) 
sections of one slice from a crystal grown in nitrogen are given in Figure 4. 
The low FPD section [136-11.9(2)] has only one deep chemical acceptor, Cu at 
E y + 0.04. In the high EPD sample [136-11.9(1)], the presence of many 
dislocations introduces a series of distributed levels. These levels first 
appear at a much higher temperature than those seen in the crystal grown in 
hydrogen (Figure 2). At 60K the carrier concentration of the high EPD sample 
has dropped below that of 136-11.9(2). It is possible but very unlikely that 
the shallow impurity concentration differs in the two sections of the crys­
tal. It is more likely that we are observing the donor behavior of disloca­
tions as described by Schroter (23). 

Crystal growth Direction 
Following a suggestion for compound semiconductor crystal production (16), 

we have grown germanium crystals in the [113] direction in an attempt to 
improve the crystallography. It was found subsequently that detectors made 

4 2 from crystals grown in the [113] direction which had EPD >. 10 cm did 
not show the same charge trapping characteristics as did [100] crystals with 
similar EPD (17). This observation suggested that we examine the effects of 
crystal growth direction o'i dislocation bands as shown in Figure 5. Comparing 
[100] and [113] crystals with similar EPD demonstrates that the dislocation 
bands in the [113] crystal are shifted down in temperature and are reduced in 
activation energy relative to those appearing in the [100] crystal. The 
activation energy of the principal dislocation peak at 20K in crystal 499-9.4 
is E v + 0.015 eV compared to E y + 0.02 eV for 281-7.6. The small bump at 
41K is a level at E„ + 0.07 eV which appears often and may be due to some 
impurity complex involving copper and oxygen. 
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Discussion and Summary 
The use of ultra-pure germanium with varying dislocation densities as an 

experimental medium for the study of the electrical effects of dislocations 
has elucidated some new properties of dislocations. The bands of levels 
associated with dislocations in germanium are not observed until the disloca-

4 2 tions reach a critical density (-10 cm ). This apparent threshold 
effect is at odds with the theoretical models (5-7) -here isolated disioca-

* tions give rise to energy bands in the forbidden gap. A simple 
calculation, which assumes 10% of the dangling bonds to have accepted an 

9 - 3 3 electron, yields an acceptor concentration of 3.5 x 10 cm " for 10 
_2 

dislocations cm . In p-type samples, where the chem'cal impurity 
concentration is ~ 10 cm" , the acceptors due to 10 J dislocations 
should be easily seen by both DLTS and Hall effect but in fact are not 
observed. Howtver, it may be that when the dislocation density is small 3 2 (10 cm ) the concentration of defect state' is simply too low to be seen 
with our current procedures. At present, we cannot clearly distinguish 
between a threshold effect due iT -lustering of uislocations and the lower 
limit oT our instrumental sensitivity. 

Hydrogen appears to play a role in modifying the width and position of 
these dislocation bands as shown in the comparison of N ? and H, grown 
crystals. The difference suggests that, hydrogen changes the activation energy 
of these defects by saturating the dangling bands which are present at com­
plete dislocations. An alternate explanation might be found in the recent 
observation that the number and energy of multiple acceptors in germanium 
(e.g., Cu) are both reduced in the presence of hydrogen (14). 

These models specify c. single dislocation line propagating along the growth 
axis of the crystal. This would be observed as a single etch pit on a slice 
cut perpendicular to the growth axis. 
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The direction of crystal growth also seems to influence dislocation 
associated defect states. Although the shape and width of the dislocation 
band in the [113] crystal is similar to that of the [10X1] crystals, the 
principal features are shallower in energy. Since Hornstra (18)demonstrated 
that many different types of dislocations are possible, it may be that by 
grjwing the crystal in a different direction the dislocation geometry is such 
as to reduce the extent of the strain fields surrounding the dislocations and 
thereby modify the dislocation band structure. This effect is important in 
device applications since it is the moderately deep traps which have time 
constants for carrier trapping and detrapping that most affect our radiation 
detector spectra. By growing crystals in a [113] orientation, and thus making 
dislocation defect states shallower in energy, we reduce the contribution of 
dislocation density to charge trapping. 
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Figure Captions 

Figure 1. Capacitive transient spectra of defect states associated with 
increasing dislocation density in germanium crystal 281 (grown in 
the {100] direction under 1 atm of H_). Nearest neighbor dis­
tance between etch pits in picture 2 is 25 urn, in picture 3, 15 um 

(microphotographs taken at 50x). Below EPD = 5 x 10 J cm" no 
spectroscopic features could be seen. Activation energy of peak 
-b- is E„ + 0.02 eV, half width (k AT) is 0.05 meV. Half width of 

in _i -a- is = 2 seV (k AT). (N.-NJ ~ 1 x 10 cm , T = ; msec. 
R u K 

3 ? Figure ?. Hole concentration in sample 281-7.6 (EPD = 15 x 10 cm ) as a 
function of 1000/T (K). The acceptor levels deionizing in region 
-a- and -b- are correlated with high dislocation density and seem 
to be the same as peaks -a- and -b- in Figure 1. Concentration of 
-a- is 5.0 x 10 c m , -b- = 4.1 x 10 ? cm"3. The slope of the 
carrier freeze-out gives an activation energy of E„ + 0.014 eV for 
-a- and E v * 0.02 eV for -b-. The temperature at which 50% of 
the levels are deionized yields an energy of 0.08 eV for -a- and 
0.04 eV for -b-. 

Figure 3. Capacitive transient spectra of defect states associated with 
EPD >. lO4 cm"2 for crystals grown in H ? (281) and N 2 1135-17.5(1)1 
EPD of sample 135-17.5(2) is 10 3 cm"2. The peak labeled -a- at 
21K is Cu° at E„ + 0.04 eV. Dislocation related features are -ti­ll 
and -c- in sample 135-17.5(1). The bandwidth of -b- is 2.7 meV 
(k AT) while -c- is - 2 meV. Sample 281-7.6(1) is similar to 
samples in Figure 1. T = 30 msec. 

Figure 4. Hole concentration as measured by Hall effect is shown as a func­
tion of 1000/T (K) for a crystal grown in N. (1361. Sample 
136-11.9(2) has EPD = 10 3 cm"2 and shows only one level: Cu° at 
E y + 0.04 eV. Sample 136-11.9(1) has EPD "• 10 4 cm"2 and shows 
defect states from 200K to < 16K. From the temperature at which 
50* of the states are deicnized, the calculated activation energy 
is E v + 0.2 eV. 
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Figure 5. Capacitive transient spectra comparing the defect states due to 
dislocation densities 10 cm for crystals grown in the [100] 
and [113] directions. Microphotograph of etch pits taken at 50x. 
From the peak position as a function of time constant we deduce an 
activation energy of E„ + 0.015 eV for sample 499-9.4. T R = 3 msec. 
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