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rnARACI'ERIZATION OF POLYCRYSTALLINE ZONE REFINED 
INGOTS OF HIG-1-PURITY GERMANIUM* 

G. Scott Hubbard, Eugene E. Haller and William L. Hansen 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 U.S.A. 

ABSTRACT 

LBL-4216 

This paper describes a valuable tool for tracing the origins of 

impurities introduced into high-purity germanium during the zone-refin

ing and crystal .growing processes. Small single crystals are located 

in the polycrystalline zone-refined ,ingots by chemical etching techniques 

and the concentration and type of residual impurities. in these crystals 

are detennined by Hall effect, conductivity measurements and photothermal 

ionization spectroscopy. 

Results are presented which indicate that the common impurities 

boron, aluminum and gallium all segregate more slowly in zone refining 

than is predicted by simple theory. This anomaly is attributed to com

potmd formation involving the impurities and the zone-refining boat 

material. 

* This work was performed tmder the auspices of the United States Energy 
Research and Development Administration. 
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INfiDDUCTION 

As part of a program to develop high-purity germanium for radiation 

detectors we have for some time been producing zone-refined germanium 

which, in its nonnal polycrystalline fonn, cannot be characterized by con

ventional methods1). Single crystal ingots can be produced during the 

refining process2) but the conditions required in the refiner are not ideal 

for purification of gennanium. Consequently, the efficiency of our zone

purification could only be inferred from the concentration profiles of 

single crystals grown by the Czochralski process from a polycrystalline zone-

refined gennanium ingot. Impurities introduced during chemical preparation 

and crystal growth could not then be distinguished from those. contributed 

by the polycrystalline germanium. To overcome these difficulties, we have 
' 

developed the teclmiques described in this paper for reroving and analyzing 

small single-crystal specimens from the polycrystalline ingots. 

EXPERIMENTAL PROCEOORE 

The zone-refined ingots produced in our refiner typically measure some 

60 em in length and have a trapezoidal cross section 2. 54 em high with a 

mean width of 3. 2 em. Along the 3.4 Kg polycrystalline gennanium ingot small 

single crystals result from random growth. In general, single crystals are 

found that are large enough (> 30 mm 3) to handle without special tools, 

though the dimensions vary with the thennal conditions in the zone refiner. 

n 0 0 0 p ~ 0 
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Of the two refiners which we operate, the one with the steeper thennal 

gradient at the molten zone interface produces the smallest crystallites. 

Since the size and direction of growth cannot be predicted for the small 

single crystals, a section removed from the bar may contain crystallites 

which do not extend through the slice. We have fotmd that a section no 

thicker than 4 nm, cut perpendicular to the direction of zone travel, is 

suitable for routine evaluation. The concentration of most impurities 

changes only slowly along the polycrystalline ingot so it is sufficient to 

obtain samples every few centimeters. Usually four such thin slices, at 

15 em intervals, are removed from each zone-refined bar; this l<:;aves large 

* pieces for growing single crystals by the Czochralski method . 

The polycrystalline slices are removed from the ingot by cutting with 

a diam:md saw. They are then lapped first with 600 then 1900 grit lapping 

conpomd. At this point, grain botmdaries of the larger crystallites can 

be seen (Fig. la) . The slices are then etched for roughly 1 1/2 minutes 

in a mixture of HN03 :HF: red ft.mring HN03; [ 7 : 2 :1] . Grain botmdaries then 

become visible, as do etch pits on crystallites with surfaces which happen 

to be on the <111> planes (Fig. lb). Further etching for 1 minute in a 

mixture of HN03;HF:Cu(N03) 2 [10% by weight];[l:2:1] sharpens the grain 

botmdaries and reveals detailed structure as well as dislocation etch pits 

on all <100> surfaces (Fig. lc). About 30% of the slices examined yield 

small single crystals with recognizable orientation that are removed for 

evaluation. However, in many cases, the areas within clearly defined grain 

* In growing a single crystal, one tries to avoid handling many small 
pieces due to the increased risk of contamination. 
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boundaries show no etch pits (Fig. 2a). These featureless crystallites 

have been optically examined and found to be single crystals of orienta

tions not preferentially affected by our etchants. Figure 2b shows such a 

crystallite which has been aligned and cut along the <111> axis, then 

etched to reveal the <111> dislocations. 

In removing any small crystallite for evaluation it is important to 

avoid areas within grain boundaries which appear to contain tiny cracks. 

This is evidence of severe crystallographic defects which may distort later 

electrical measurements. 

Once a suitable small crystal has been prepared by lapping and polish 

etching, the net impurity concentration can be detennined by the Van der 

Pauw Hall effect method at 77°K 3). When the contacts are small relative 

to the sample size, the Van der Pa~ method is quite insensitive to sample 

shape. If the width of a contact is > 15% of the mean diameter of the 
\ 

crystal the Hall measurement will indicate concentrations too high and 

mobilities too low. 

RESULTS 

We have now identified and measured single crystals at several locations 

in 32 of the most recent 37 of our zone-refined gennanium ingots. Sometimes 

two or three useable crystals could be located in the same slice. Since the 

results obtained from these samples varied less than± 15%, we conclude that 

one crystal is representative for a whole slice. 

0 0 
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Net acceptor concentrations down to 7 x 109 cm- 3 with mobilities 

- 40,000 cm2 /Vs at 77°K have been observed. To our surprise, all the 

samples taken in the first 45 em of our zone-refined germanium bars have 

been p-type, as determined by Hall effect at 77°K. This result suggested 

that perhaps some non-chemical acceptor was distorting the typeness and 

concentration. To investigate such a possibility, a variable temperature 

cryostat for Hall effect and conductivity measurements was used to check 

samples from 300°K down to 5°K. As shown in Fig. 3, no significant deep 

levels could be found. Since the carrier freeze-out is obviously dom-

* . inantly due only to shallow acceptors , we conclude that the Hall effect 

at 77°K represents the net concentration of electrically active donors and 

acceptors. 

Photothermal Ionization Spectroscopy (PTIS) 4) was used to identify 

these residual shallow impurities and their relative abundance. As sus

pected earliei), our zone refined material contains mostly all.Uilinum, some 

boron and, occasionally, very small amounts of gallium. As seen in Fig. 4, 

the small single crystals give infrared spectra with very high resolution 

and low noise. Spectra of this quality have yielded much more accurate 

impurity ratios than we have obtained in the past with polycrystalline 

samples5). Using the band-edge light technique4), we also investigated 

minority impurities (in our case donors). In samples taken fro~ the first 

45 em of polycrystalline bars, the donor concentration has always proved 

negligible compared to the total acceptor concentration. This indicates 

* The small step observed at 40°K (1000/T = 25), which may be due to a 
thermal defect or copper introduced from contacts, does not seriously 
affect this conclusion. 
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our zone-refined polycrystalline gennanitun carmot be highly compensated. 

* Only samples taken within 15 an of the 'dirty' end of the bar show any 

phosphorous which segregates strongly in the final few centimeters. 

DISCUSSION AND CONCLUSIONS 

COmbining the net concentrations as detennined by Hall effect with 

impurity ratios obtained from PTIS, we have been able to construct quantita

tive impu:l-ity profiles for several zone-refined gennanitun ingots. Two 

examples are shown in Figs. 5 and 6. 

Figure 5 shows the concentration profile of ingot number 121, refined 

in a quartz boat coated first with amorphous carbon smoke, then with pyroli

tic carbon. Mter 37 passes of 3. 8 em wide zone tmder forming gas, boron 

(segregation coefficient = 17) has segregated strongly toward the 'clean' 

end. However, the remainder of the ingot possesses an tmexpectedly high 

constant backgrotmd of boron. Gallitun and altuni.ntun, which have a segrega

tion coefficient of about 0.1, react rather differently. B~th impurities 

segregate toward the dirty end, but not as rapidly as one would expect from 
' 

simple segregation laws6). These observations suggest either a source of 

impurities outside the gennanium and/or interactions with the boat coating 

and ambient atmosphere. 

* A zone refiner sweeps most impurities in the direction of zone travel-
that is, toward the 'dirty' end and away from the 'clean' end. 
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Figure 6 shows the concentration profile of ingot number 127, refined 

in a quartz boat coated with silica smoke. After 28 passes of a 3. 8 em 

zone tmder forming gas, the dominant impurities have not segregated properly. 

The concentration of boron is low and rises very slowly toward the 1 clean 1 

end of the ingot. Gallium is alnnst entirely absent, appearing measurably 

only in the last 20% of the ingot. Aluminum deviates furthest from theoret

ical predictions in that its concentration remains constant throughout the 

polycrystalline ingot. A detailed discussion of the non-segregating behav

ior of the chemical impurities will be reported shortly7). The low impurity 

concentrations observed when using silica coated boats are adequate for pro-

duction of detector grade single crystals grown by the Czochralski method 

from these ingots. 

The accurate assessment of impurities in the polycrystalline ingots 

has allowed us to determine that no significant impurity except phosphorous 

is added during preparation and growth of the final single crystal. This 

phosphorous is believed to be contributed by the Suprasil crucible used in 

the grower and is estimated to be 4-6 x 10 10 atoms/em- 3 in the melt. 

These studies permit prediction of the final concentration profile of 

a Czochralski grown crystal and have thereby increased the yield of detector 

grade material CINA-NDI < 2 x 10 10 /cm3
) to above 80% of our recent crystals. 

·-
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FIGURE CAPTIONS 

Fig. 1. a) Photograph of a polycrystalline section 127-0.5 showing grain 

botmdaries after lapping. 

b) Photograph of a polycrystalline section 121-2.0 after 1 1/2 

minutes initial etch with HN03 :HF:red fuming HN03[7:2:1]. The 

region in the lower left shows <111> dislocations. Grain 

botmdaries are visible but not distinct. 

c) Photograph of a polycrystalline section 128-19.0 after initial 

etch and a further 1 minute etch with HF:HN03:Cu(N03) 2[10%]; 

[1:2:1]. · Grain boundaries and surface details are now quite 

distinct as is the area of <100> dislocations in lower left. 

Fig. 2. a) Photograph of a polycrystalline section 131-19.0 after final 

etch. Note the large areas in lower half of section show no 

surface features. The slight dimpled effect is due to etching. 

b) Photograph of.a crystallite cut from a featureless area of 

section 129-0.5 similar to that seen in Fig. 2a. The small 

crystal has been optically aligned and cut to reveal <111> 

dislocations. 

Fig. 3. Acceptor concentration vs temperature for a small crystal from 

polycrystalline section 121-2.0. The level at 11.2 meV has been 

determined by PTIS to be due to boron and aluminum. 
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Fig. 4. PTIS spectnnn of a crystallite from section 121-13.0 containing 

boron, aluminum and gallium. Sample volume - .15/ cm 3
; NA-ND = 

2.2 x 10 11
; T = 8.0°K. Using band edge light at 6.5°K, no phos

phorous peaks were visible. 

Fig. 5. Impurity concentration profile of polycrystalline zone-refined 

ingot number 121. Size of symbols indicates probable error in 

measurement. Impurity ratios determined by PTIS spectra, total 

impurity concentration determined by Hall effect at 77°K. 

Fig. 6. Impurity concentration profile of polycrystalline zone-refined 

ingot munber 127. Size of symbols indicates probable error in 

measurement. Impurity ratios determined by PTIS spectra, total 

impurity concentration determined by Hall effect at 77°K. 
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