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Investigation of Lithium Precipitates in Germanium Crystals
by Anomalous X-Ray Transmission

HeLmuTt F. WENZL **

Solid State Division, Oak Ridge National Laboratory Oak Ridge, Tennessee 37830

(Z. Naturforsch. 26 a, 495501 [1971] ; eingegangen am 21. November 1970)

Herrn Prof. H. Maier-Leibnitz zum 60. Geburtstag gewidmet

The precipitation of lithium dissolved in germanium crystals and the re-solution of the pre-
cipitates during heating has been studied by means of anomalous transmission of x-rays. The effec-
tive absorption coefficient depends sensitively on the spacial distribution of lithium interstitials, and
is enhanced enormously if pair correlations increase, as is the case during clustering. On the basis
of Dederichs’ theory and knowledge about the Geli phase diagram, the experiments provide relations
between concentration and radius of the precipitates, distortion parameters, and average and local

concentration of lithium interstitials.

1. Introduction

X-rays can penetrate perfect crystals with an
effective absorption coefficient .y which is much
smaller than the normal one, u,, by exciting dy-
namical wave fields (anomalous x-ray transmission,
Borrmann effect)!. In a nearly perfect crystal in
which the lattice is distorted by thermal vibrations
or lattice defects, u.g is enhanced by an additional
term u*. w* depends sensitively on the spacial
distribution of foreign atoms or self defects and the
strength of their distortion fields and is enhanced
enormously if pair correlations between the defects
increase 2, as is the case during clustering or pre-
cipitation or near critical points. We have utilized
this fact in an investigation of the precipitation of
lithium interstitials in germanium crystals. The
properties of the GeLi system are important espe-
cially for the production and performance of ger-
manium particle detectors3. Besides this more
practical aspect, the GeLi system provides a con-
venient exampte of a two component system in which
large changes in the pair correlation between the
atoms of one of the components are possible.

Precipitation has been studied in homogeneously
doped samples with lithium as the principal im-
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1 B. W. BATTERMAN u. H. CoLg, Rev. Mod. Phys. 36, 681
[1964].

purity (unlike the compensated detector systems).
As methods we used anomalous x-ray diffraction in
Laue geometry 4, diffraction in Bragg geometry ¢,
electron microscopy, and electrical conductivity.
Usually, the electrical conductivity at the surface of
the sample has been used as a measure of the con-
centration of single lithium interstitials5. The
anomalous x-ray transmission on the other hand is
most sensitive to lithium clusters. In this sense the
two methods are complementary. The x-ray method,
though, has the advantage of allowing measurements
of bulk properties of the crystals at any temperature.

2. Samples

Most of the crystals were obtained from Fox 3, who
had doped them at 425 °C with lithium and studied
the precipitation as a function of time, after quenching
them to room temperature, by measuring the electrical
conductivity. Figure 1 shows an example of the results.

For the x-ray measurements, discs 1cm diameter
and thickness t, (see Table 2) with {111}-faces were
cut with a diamond saw, lapped, etched [5 minutes in
(1 HF 4+ 3 HNOs) -solution] and rinsed in distilled
water.

For the electron microscopy blocks of 3 x 3 x 0.2 mm3
size were cut with a diamond saw, the edges were
masked with teflon tape, then etched in (1 HF +

2 P. DepErIcHS, Phys. Rev. B 1, 1306 [1970]. — F. W.
Young, T. O. BALpwWIN, and P. H. DEDERICHS, in: Vacan-
cies and Interstitials in Metals, ed. by A. SEEGER, D. ScHuU-
MACHER, W. SCHILLING, and J. DieHL, North-Holland Publ.
Co., Amsterdam 1969.

3 F. S. GouLDING, Nucl. Instr. Methods 43, 1 [1966].

4 W. H. ZacHARIASEN, Theory of X-ray Diffraction in Crys-
tals, John Wiley, New York 1945.

5 R. I Fox, IEEE, Vol. NS-13, 367 (June 1966).
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Fig. 1. Resistivity 0, as a function of time at room tempera-
ture, of a sample corresponding to sample 7 after doping at
425 °C with Li and quenching to room temperature ®. Inte-
grated X-ray intensity Ry, sample 7, after pulse heating
(1 minute at 400 °C, partly re-solution of precipitates) as a
function of time (precipitation at room temperature) .

3 HNO,) -solution at room temperature until suffi-
ciently thin areas were obtained. Etch rates were
23 pum/min for lithium doped germanium.

The initial lithium content of the samples, taken as
the equilibrium solubility concentration at the doping
temperature of 425 °C, was about 30 ppm . After
annealing the samples about !/2 hour in vacuum near
550 °C, the Li content had dropped to 2 ppm, as re-
vealed by a flame photometric analysis on sample 2
(10% accuracy; analysis by T. A. Carter, ORNL
Analytical Chemistry Division). The oxygen content,
as determined by Fox5, was smaller than 1072 ppm
(10'%/cm3) for samples 1, 2, 3, 7, and 10~ 2 ppm for
sample 9 a.

The initial electrical resistivity was approximately
50 Qcm, n-type (4 years after doping). The disloca-
tion density in the samples, determined by Borrmann
topography 7 was between 500 and 1000 per cm?2.

¢ R. P. ELrL10TT, Constitution of Binary Alloys, 1st Supple-
ment, McGraw-Hill, New York 1965. 20 ppm according to
chemical analysis.

7 F. W. YounNg, T. O. BALpwiN, A. E. MerLINI, and F. A.
SHERRILL, Adv. X-ray Aalysis 9,1 [1966].

8 C.S. FuLLeR and J. A. DITZENBERGER, Phys. Rev. 91, 193
[1953]. — A. SEEGER and K. P. CHick, Phys. Stat. Sol. 29,
455 [1968].
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3. GeLi Phase Diagram

The discussion of the effects during doping, pre-
cipitation and temperature treatment of the samples
is based on the hypothetical phase diagram in Fig. 2,
constructed from the information available, and
analogous to the phase diagram of the SiLi
system ®. During doping at 425 “C one starts with a
Li surface layer on the germanium crystal; the
liquid lithium reaches local equilibrium with the
germanium crystal by dissolving part of it, lithium
diffuses into the bulk, compounds (GeLeg etc.) are
probably formed, and ultimately equilibrium cor-
responding to an average lithium concentration of
approximately 10% is reached. The overwhelming
amount of Li is contained in the compounds and
liquid, presumably at the surface of the specimen;
only about 30 ppm are dissolved in the bulk as
single lithium interstitials (see® for a survey of
diffusion properties of Li in Ge, see? for discussion
of retrograde solubility). After quenching to room
temperature the lithium precipitates form LisGe
particles (probably spherical) with a coherent phase
boundary with the lithium matrix. The precipitation
is probably nucleated by oxygen dissolved in the
sample 1% 11,

After precipitation is finished at room tempera-
ture, further heating of the crystal in vacuum
dissolves single lithium interstitials again, and the
size and number of precipitates is reduced. Lithium
may be evaporated from the surface. Therefore, a
concentration gradient may build up in the sample
if there is no activation barrier against outdiffu-
sion12. Ultimately, all the Li should leave the
sample. As will be shown, the x-ray method is
capable of monitoring the decrease in size and
number and the ultimate disappearance of the pre-
cipitates.

4. Measurements

The change of the effective absorption coefficient
w* for the dynamic x-ray waves due to the lithium

interstitials has been determined with several

¢ R. G. RHODES, Imperfections and Active Centers in Semi-
Conductors, Pergamon Press, London 1964. — 1. N. Hos-
STETTER, Proc. Met. Phys. 7,1 [1958].

10 R. D. WeLTzIN, R. A. SwaLiN, and T. E. HUTCHINSON,
Acta Met. 13, 115 [1965].

11 Progress in Semi-Conductors, ed. by A. F. GiBson and
R. E. BUurRGESs, 7,127 [1963] ; see also Vol. 2.

12 M. H. Moore and P. H. Fanc. J. Appl. Phys. 41, 3447
[1970].
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methods. At room temperature a double crystal
spectrometer '3 was used with dispersion-free ar-
rangements of the crystals in the Bragg-Laue
4. The integrated intensities* were deter-
mined for the symmetrical (220) reflection and
transmission in Laue geometry, Ry, and for the
symmetrical (333) reflection in Bragg geometry,
RE,. The Borrmann “transmitted” and “reflected”

scheme

intensity in Laue geometry were compared in a few
cases and found to be equal, which indicates the
absence of inhomogeneous strains in the samples 4.

The integrated intensity R,y and the peak
intensity Psy, of the symmetrical (220)-reflection
for Ka radiation in Laue geometry was measured
as a funoction of temperature in an x-ray furnace on
a Borrmann camera!>16. It was assumed that !

P~R.

13 M. C. WrrteLs, F. A. SHERRILL, and A. C. KIMBROUGH,
Adv. in X-ray Analysis 7, 265 [1964].

14 B. OKKERSE, Philips Res. Rep. 17, 464 [1962].

15 F. W. YouNg, Jr., T. O. BALDWIN, A. E. MERLINI, and F.
A. SHERRILL, Adv. in X-ray Analysis 9,1 [1966].

From the measured integrated intensities R the
additional effective absorption coefficient, ©*, due
to the presence of lithium, has been determined by
comparison with the calculated value R, for the
perfect crystal 17 using the parameters listed in
Table 1. R=R, exp (— u* ty/cos ©), where ¢, de-
notes the sample thickness and © the Bragg angle.
u* will be used in comparing experiment and the-
ory. Figures 1 and 3 show results from specific
experiments and Table 2 summarizes the significant
data.

Preliminary measurements of the “integrated”
diffuse scattering!® in the wings of the (333)-
Bragg-reflections in a (3, —3) double crystal
arrangement for the samples containing precipitates
were not conclusive. The diffuse scattering intensity
seems to be very small and more concentrated near
the Bragg peaks compared with measurements on

16 T. O. BALDWIN and J. E. THoMAs, J. Appl. Phys. 39, 4391
[1968].

17 R. M. NickLow, F. A. SHERRrILL, and F. W. Young, Jr.,
Phys. Rev. 137, 1417 [1965]. 2

18 B. W. BATTERMAN, Phys. Rev. 134, 1354 [1964].
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Table 1. X-ray data used for the calculations: 1=wavelength
of characteristic Ka radiaiton from copper, molybdenum, and
silver; ()=Bragg angle in degrees; uy,=normal absorption
coefficient; £0=fm/f;, F 350 =22.8=atomic scattering fac-
tor. Af, f”=Hoenl corrections . Thermal Debye Waller fac-
tor for (220) -reflection at 300 °K: exp (— M) =0.9697.

CuKo MoKu AgKa
MA 1,542 0,711 0,50
Ge 220 22,7 10,2 7,5
~ Ge 111 13,2 6,2
- 333 45 19
Cu 111 21,7 9,8 77
o * cm 350 325 165
£0 0,989 0,998
Afaz0 —13 0,2
fo20 1,0 1,8
30 — ORNL_'DWG 70-14020
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Fig. 3. Plot of peak intensity of symmetrical (220)-reflection
in Laue geometry, using AgKa radiation, as a function of
temperature. Samples heated in a vacuum of approximately
10—* Torr. O Sample 1, first heating after doping with li-
thium and complete precipitation at room temperature; heat-
ing rate = 2°/min. @ Sample 1, cooling == 4°/min. Follow-
ing this treatment, the integrated intensity remained essen-
tially constant (over months), different from the behaviour in
Fig. 1. /\ Sample 3 (undoped), heated in same furnace (re-
ference measurement; difference in absolute value and slope
due to different thickness). Lines S.1 and S.3 indicate the cal-
culated temperature dependence taking into acount changes
of thermal vibrations only 17 18,

neutron irradiated copper crystals containing small
dislocation loops'®. BATTERMAN reported a slight
apparent increase in linewidth of the (333)-Bragg-

19 P, H. DeEpERICHS, T. O. BALDWIN, and J. E. THOMAS, to be
published.
20 B. W. BATTERMAN, J. Appl. Phys. 30, 508 [1959].
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reflection after precipitation 2. One would therefore
expect quite large precipitates with r, >100 A.

Borrmann topographs, taken before and after the
different treatments, did not reveal any changes in
the dislocation pattern (resolution == 5 um). No
precipitates could be resolved in the topographs,
contrary, e.g., to the results on the GeAs system
with a comparatively high content of arsenic?!.
Also, no precipitates could be detected in the elec-
tron microscope investigations of the doped samples,
contrary to other reports!?. Structures similar to
those shown in ?? could be found, although mostly
due to unspecified layers (dirt) on the surface of
the specimen.

The experimental results, including those from
other sources, can be summarized as follows:

a) Precipitation increases i* enormously.

b) Re-solution of the precipitates during heating of
the doped samples can be observed easily as a
decrease of u*.

c) Short heating pulses lead to reversible be-
haviour, whereas prolonged heating in vacuum
gives rise to an irreversible change of «*, prob-
ably due to an outdiffusion of lithium.

d) Precipitation tends to increase the integrated
intensity in Bragg reflection, as shown clearly
by BATTERMAN 2.

e) Diffuse scattering seems to be concentrated near
and under the diffraction peaks in Bragg ge-
ometry.

5. Discussion

The effects of defects and precipitates will be
discussed on the basis of DEDERICHS’ theory for
the absorption of the coherent x-ray wave 2. Accord-
ing to this theory, the lithium interstitials act
essentially by displacing the lattice atoms, which
gives rise to immediate additional photoelectric ab-
sorption and to elastic incoherent scattering of the
coherent wave (elastic scattering absorption of
coherent waves). In transmission, scattered waves
ultimately are absorbed, too, except for a negligible
fraction which emerges from a thin layer of ap-
proximately the thickness 1/u, at the exit surface.

21 0. N. Erimov, E. G. SHEIKHET, and L. I. DATSENKO, Phys.
Stat. Sol. 38, 489 [1970].

22 G. R. JinpAL and J. W. FausT. Jr., J. Appl. Phys. 41, 2106
[1970].
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u* can be related to a photoelectric absorption

coefficient u’* and a diffuse scattering absorption
coefficient uS of the dynamical x-rays in trans-
mission: u* = uPF + uPS,

Values for #F* and uPS will be calculated, assum-
ing the following model:

a) Random distribution of single lithium inter-
stitials in the dissolved state with mole fraction
c¢=30ppm (corresponding to maximum solu-

bility at 425 °C).

b) Spherical precipitates with constant radius r .
c) Random distribution of precipitates with mole
fraction ¢ .

Then for (220)-reflections, one gets:

499

d) Constant concentration of lithium interstitials
inside the precipitates: ¢, == 3/4, corresponding
to a GeLi; phase. Then, ¢, =cv/(cyd7ry3/3),
where v=2.3-10"22cm?®=4%/8 denotes the
atomic volume, a=5.66 A, the edge length of
the unit cell.

e) The distortions by lithium interstitials are
described in the elastic continuum approxima-
tion by the double force parameter A4, which is
related to the volume change AV due to the
distortions by AV =4nxA4y (the factor 7
describes the surface effects in a finite sample 23) .

Since A for Li in Ge is not known, the value
for Ni in Ge is taken 2*: 4 7 A/v ~ 0.1.

UPE =24 pyce, (L—LJ:;/{ _rag)2 + higher order terms =~ 5,4-1076 (2’)2 (1a)
if (47 A/v) (ro/a)cy6,3 <1 (“small” precipitates),
UPE=15,1 pyc eyl (4 Z 4 %)% ~up2,1-1075 (%)3/2 (1b)
if (47 AJv) (ro/a)cy6,3>1 [“large” precipitates; Equ. (36) in 2].
uPS=4-10% cm™1 (;’: )2 (%4)2( a‘)3 ccy-cos®> O-In (‘272/002)
—B-104 cm—l(—i cos @)2(%>3 In (27?)7‘?), (2)

where 4=1,2, B=2,6 for copper, 4=1,3, B=2,9 for molybdenum and silver radiation.

Both #PF and uPS increase stronger than linearly
with the radius r, of the precipitates, as long as
ro < extinction length? ~~ 2000 a. The effective ab-
sorption coefficient due to dissolved lithium is so
small that it has been neglected in the formulae,
which describe here only effects due to the enhanced
lattice distortions by the “coherent” action of
lithium in the precipitates.

In addition to the x-ray parameters, Equa-
tions (1) and (2) contain r, as the only unknown;
thus it can be determined from experimental values
for uPS+ uPE = u*. By comparing the results for
different x-ray wavelengths the consistency and
applicability of the theory can be checked.

1E depends on the normal absorption coefficient
to - MPE can be related to a quasi (static) Debye
Waller factor L: uP® = uyL, where L~c A%.
It is the quadratic dependence on the effective
distortion field parameter A, related to single

23 J. D. EsHELBY, Solid State Physics, Vol. 3, ed. by F. SErtz
and D. TurNBULL, Academic Press, New York 1968.

defects or precipitates, which gives rise to the
enormous enhancement of uP* by clustering
(c—c/n, Aeti—n Aots, L— n L, where n denotes
the number of defects in the cluster). By compar-
ing experimental values of u* for different wave-
lengths, L can be determined without having to
assume constant ry for all precipitates, because it is
not necessary here to know r, explicitly before being
able to calculate L. Equality of both values of L,
one calculated after having determined r, from
Equations (1) and (2), the other by this method,
would confirm the validity of the assumption of
constant ry for all precipitates.

#PS is independent of u,, but depends in a
similar way on ¢ 4%, as uE. The diffuse scattering
due to defects can be determined directly in Bragg
geometry. There, the measured integrated intensity
RB is related to the static Debye Waller factor L,
the integrated intensity for a perfect crystal,

24 N. E. Mover and R. C. BuscHErRT, Radiation Effects in
Semiconductors, ed. by F. L. Vook, Plenum Press, New
York 1968.
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R{,‘, and a mosaic crystal, RE. 19
RE=RBe L REB(1-e2L). (3)

The second term describes the integrated diffuse
scattering. The relation allows a direct determina-
tion of L. It is not valid for too large precipitates,
for which the diffuse scattering tends to be concen-
trated below the ,Bragg peak, where it is reduced
due to dynamical effects (“primary extinction).

Figure 4 shows graphs of Egs. (1) and (2),
including points calculated by using data from
former electron microscope investigations 0.
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Fig. 4. xPS and uPE as a function of ry/a according to Egs.
(1) and (2). Parameters: characteristic Ka radiation from
different elements. a and b indicate values for uPE and uDS,
respectively, corresponding to the data given in !9, namely:
¢ =1 ppm (probably too small for the doping temperature
used), ¢p=>5-10"% ppm, £¢=10"3, ¢,=0.1, volume of pre-
cipitates Vp=c v/cp ¢g=2-10%v; assumption: 4 7 A/v=30¢
(lithium distortion fields are additive).

Results

a) By inserting experimental values in the equa-
tion uexp = uFF + uPS one can determine the radii of
the precipitates, and then «"® and uPS separately.
For the samples with small oxygen content one gets
typically (copper radiation, sample 2): texp~
56em™!, ry/a =~ 100, uPP~Tcem™!, WS~
49 cm™. For sample 9a with the large oxygen
content one gets for copper radiation: ,u;xp ~
10em™1, ry/a ~ 50, uPF ~ 2cm™1, uPS ~ 8cm™1.
The dependence of uey, on wavelength (Table 2) is
in agreement with Eqs. (1) and (2) and mainly due

H. F. WENZL

to the strong dependence of 45 on wavelength. The
difference in precipitate radius for samples 2 and
9a confirms the assumption that the precipitates
are nucleated by oxygen impurities 2

b) For comparison with Eq. (3) one can calcu-
late the exponent in the static Debye Waller factor L
from the transmission experiments: L,y =~ uPE[u,
~ 2/350 ~ 6-1073% for sample 9a and copper
radiation. By comparing the values of #* for copper
and molybdenum radiation, using Eqs. (1) and (2),
one gets a slightly different value: Ly,y ~ 27-1073.
This value is more reliable, because it is not based
on the assumption of constant r,. The difference in
these two values of L,,, indicates that the distribu-
tion of precipitate radii is not as sharp around r,
as assumed. Inserting Batterman’s results for Bragg
geometry 2 (R¥3 =2,6-1075 rad, RBssym =7,8"

075 rad, Rss), =2,1-10 % rad) into Ep. (3), one
calculates Lg35=37-1073, which corresponds to
Lysg ~ (27/8) * Ly33 =12-1073. Both values of the
static Debye Waller factor, determined from trans-
mission and reflection experiments, are of the same
order of magnitude showing the consistancy of the
model used.

Whereas Batterman has explained the increase of
the integrated intensity in Bragg geometry due to
the precipitates in the otherwise perfect sample by
a decrease of the “primary extinction”, the above
arguments suggest that it is caused mainly by an
enhanced scattering intensity, which is concentrated
near the Bragg peaks. The diffuse scattering even
tends to become smaller at the center of the peak
due to primary extinction effects.

c¢) The data of HuTcHINSON et al.1® lead to
values of u* which are several factors of ten too
small (Fig. 4) to be able to explain the x-ray ab-
sorption.

d) The decrease of u* (which ultimately van-
ishes) by thermal treatments (Figure 4, Table 2)
and the result of the chemical analysis show that
lithium can leave the sample. For a particular
treatment leading to a certain change of ¢ and r,,
the corresponding change in u*, Au*, depends on
the wavelength of radiation used. It can be shown
(by differentiating Eqs. (1) and (2) with respect
to ry and ¢) that

Auy*

Au*  10°(A,/a)*+ pgy cm
Aus* 103 (Ay/a)2+ gy cm *

% J. R. CArRTER and R. A. SwaLIN, J. Appl. Phys. 31, 1191
[1960].
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Table 2. Survey of experimental results. The integrated intensity in symmetrical Laue geometry?! is given by R=FE w/I,,

where E is the total number of counts above background measured during rocking the crystal over the (220)-diffraction maxi-

mum with angular velocity w, I is the X-ray intensity (counts per unit time), entering the part of the crystal under investi-

gation. DB indicates that also the monochromator crystal was used in Laue and not, as usual, in Bragg geometry. p denotes

intensities of the 220-peak in Laue geometry, RB integrated intensities in Bragg geometry for (333)-reflection. Error: the maxi-

mum relative deviation from the mean value of R in several experiments was 10% or less. The sample thickness was always so
large that the primary beam was essentially absorbed (uqt, > 1).

Crystal Thick- Treatment CuKa MoKa AgKa
Num- ness R/10-8 rad (except RB) R/10-8 rad

ber  to/um experiment theory p*-cm exp. theory up*-cm exp. Au*em
1 540 0,55 96 89 pY[pl ~2,1 14
1 540 heated to 600°C 32 96 19

(2°/min) then cooled

(4°/min) to 300°K
1”7 410 55 140 29 66 107 12
2 640 1,6 77 56 % /p2 ~ 3,0 17
2° 640 asl’ 16 77 23
3 650 undoped 85 76 < 0
7 800 0,22 54 64 R7”/RTW 2,0
7 800 asl’ 2,8 54 34
i 800 100 h later 4,6 54 28
7 580 thinned by etching 17 91 29
” 580 RB=22-105 2,1-10-5rad
7 580 2 mos. after heating 11 91 36 27 67 15

7/

7" 580 10 min, 800°C 180 (DB) 150 < 0

10-5 Torr
7" 580 24 h later 150 (DB) 150 ~ 0
9a 470 2-10150/cm3 71 120 10 65 86 5,7

For sample 2 and comparing CuKa and AgKa
radiation one-calculates Augy /durg =~ 2,7, which is
of the same order as the corresponding experi-
mental value of 1,9 (Table 2).

e) Diffusion length I can be calculated from the
diffusion coefficient® and the time and temperature
necessary for complete removal of the lithium. For
the case of sample 7 (Table 2) one gets a reason-
able value of Ip=~1 mm, a factor of 2 larger than
the thickness of the sample.

6. Conclusion

It has been shown that the effective absorption
coefficient of dynamical (-ray waves in a nearly
perfect crystal indicates precipitation and re-solu-
tion of precipitates sensitively, and that the effects
can be interpreted by using Dederichs’ theory.

Our results suggest that germanium crystals, to
be used e. g. for particle detectors, can be charac-
terized as far as diffusion and precipitation of
lithium is concerned by doping them with lithium,
measuring the precipitation effects by anomalous
x-ray transmission, and eventually removing the

lithium again by suitable heating procedures. Even
detectors themselves could be tested, although the
lithium concentration there is about a factor of
100 smaller than in our samples, corresponding to
w* <1 em™1, if the lithium is precipitated.
Generally, as soon as nearly perfect crystals can
be obtained, dynamical diffraction can be used as
a sensitive probe for the spacial distributions of
crystal lattice constituents, which give rise to
distortions, even if the corresponding structures
are too small to be resolved in x-ray topographs.
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