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Angular dependences of intensity of photoelectron or fluorescence yield17

excited by the XSW field from the topmost layer of a sufficiently thick18

epitaxial film are extremely sensitive to the lattice constant difference19

between substrate and the film. This sensitivity has been used to study20

the influence of the isotopic mass on the lattice constant of Ge and Si.21

The samples were homoepitaxial films on a substrate with different22

isotopic composition. For samples of moderate crystalline quality the23

measurements were performed at the near backscattering geometry. This24
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approach requires only miniscule amounts of isotopic pure materials and1

can be applied to materials that cannot be grown as high-quality single2

crystals.3

17.1. Introduction4

Crystals of the same chemical composition but built from different isotopes5

exhibit different lattice constants. This phenomenon is due to the effect of6

nuclear mass on the zero-point vibrations and the related anharmonicity7

of interatomic potentials. The effect is largest at low temperature, when8

the total energy is dominated by the zero-point motion, and vanishes when9

approaching the Debye temperature. It is stronger for lighter isotopes due to10

the higher zero-point energy. The lattice constant of a crystal consisting of11

the heavier isotope is smaller than that built from the lighter one. London,12

in one of the first theoretical papers on the subject,1 explained this fact13

in the following way. Suppose we replaced the atoms in the crystal by14

their lighter isotope, then their vibration frequency, ν ∼ 1√
m

for monatomic15

solids, will be higher. This will also usually happen when the temperature16

of the crystal is increased. This consideration clearly emphasizes the17

intrinsic relation of the isotopic effect to crystal thermal expansion18

(anharmonicity).19

The interest in this effect has its origin in the 1930s in the discussions20

on the condensation of liquid He2,3 a phenomenon in which the zero-21

point energy plays a critical role. Substituting isotopes in a crystal lattice22

was considered to be a straightforward way to change the total energy23

of crystal without changing its potential energy. The first measurements24

were performed for the lattice parameters of ordinary and “heavy” ice25

by using the oscillation technique4 and for LiH and LiD by using powder26

diffraction,5 followed by experiments on 6Li and 7Li fluorides6 and metallic27

Li.7 Ten years later, experiments on oxides 24MgO and 26MgO, 40CaO,28

and 48CaO, and 58NiO and 64NiO were performed at room and liquid N229

temperatures.8 Comparison of the experimental data published at that time30

revealed a remarkable difference of the isotopic effect between crystal with31

either van der Waals or ionic bonding. Measurements on lithium hydrides by32

using powder diffraction were reported later for a wide temperature range.933

Improvement in accuracy of X-ray diffraction techniques led to precise34

measurements of the lattice constant difference of single crystal natural Ge35

and isotopically enriched 74Ge at room and liquid nitrogen temperatures by36

using a double-beam triple-axis spectrometer.10 Measurements on synthetic37
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single crystal diamond in the range of composition from 12C to 13C were1

performed in Refs. 11 and 12 by using high resolution diffractometry.2

The sparseness of experimental data available was mainly due to the3

very limited amount of pure isotopes available to grow isotopically enriched4

crystals. At the beginning of our project in 1995 the situation drastically5

changed: large amounts of isotopic pure elements had become available6

in Russia as part of the “swords into plowshares” program stimulating7

comprehensive studies of the influence of the isotopic composition on8

basic physical properties of crystals such as thermal conductivity, phonon9

frequencies and line widths, selfdiffusion and others (for reviews, see e.g.10

Refs. 13–17).11

Our original approach to study isotopic effects on lattice constant12

was to measure the lattice constant difference between a single crystal13

substrate and an epitaxial layer of different isotopic composition by14

using high-resolution X-ray diffraction. The advantages of this approach15

are a perfect alignment of the substrate and the film crystal lattices16

and also an additional enhancement of the d-spacing difference of the17

pseudomorphically grown (as a result of a negligible lattice constant18

mismatch at the growth temperature) film due to tetragonal elastic19

distortion normal to the surface. Estimations for Si showed that the20

separation of the diffraction peaks from a natSi substrate and a 30Si21

isotopically enriched film of reasonable thickness could be clearly observed22

and reliably measured by using high order reflections. Unfortunately,23

chemically pure Si isotopes were not available by that time and chemical24

impurities would have a much larger influence on the lattice constant than25

the isotopic composition. High purity germanium and Ge crystals were26

available, but the effect is considerably weaker for Ge and thus it required27

a much more sensitive technique.28

17.2. Application of XSW for Precise Relative29

Lattice Constant Measurements30

The development of the technique goes back to the pioneer work of31

Andersen et al.,18 who measured the lattice relaxation caused by nitrogen32

implantation in Si by measuring the XSW fluorescent yield from arsenic33

atoms implanted in a very shallow surface layer. Recording the signal34

from the topmost layer is crucial for this method. The escape depth for35

photoelectrons is very small, typically a few tens of nanometers.19 This36

offers specific advantages when using electrons instead of fluorescence,37
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Fig. 17.1. Schematics of measuring small lattice mismatch by using standing waves. The
d-spacing of the substrate lattice (black atoms) ds is slightly larger than the d-spacing
df of the epitaxial film (grey atoms). The standing wave shown on the left is generated

by the diffraction from the substrate and has a periodicity of dsw = ds. Accumulated
over the thickness of the film d-spacing difference results in a shift of the topmost layer
by δ = (∆d/d)tf , where tf is the thickness of the film.

leading to the development of the XSW techniques based on measuring the1

photoelectron yield either in vacuum20 or by using a gas flow proportional2

counter.21 The method has been successfully applied to study strain3

gradients in epitaxial Ge and GaAs bicrystal structures22 and small4

deformations in thin Si epitaxial films.235

The basics of the technique are illustrated in Fig. 17.1. Consider an6

epitaxial film with the d-spacing df slightly smaller than the d-spacing ds7

of the substrate. As a result of the lattice mismatch ∆d/d = (df−ds)/ds the8

topmost layer of the film is now displaced by the amount of δ = (∆d/d)tf9

accumulated over the thickness of the film with respect to the position in10

the case of the zero mismatch df = ds. The standing wave is generated11

by the diffraction from the bulk of the substrate and therefore it has the12

period dsw = ds of the substrate d-spacing for the chosen reflection. If the13

signal, either fluorescence or photoelectrons, from the atoms of the topmost14

atomic layer is recorded then the XSW yield curves (the coherent position15

PH) acquires an additional phase shift of ∆ϕ = 2πPH = 2π(δ/dsw ). For16

the standing wave to have the period of dsw determined mostly by the17

substrate, the extinction length Lex for the chosen reflection must be larger18

than the thickness of the film, which usually requires the use of high-order19

reflections. The second important condition determining the sensitivity to20

the surface displacement requires that the yield depth of the secondary21

radiation must be much smaller than the thickness of the film Lyi � tf .22
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In the ideal case of Lyi � tf � Lex , the XSW data can be treated by1

using the standard XSW yield equation for perfect crystals (cf. Chapter 1).2

For real samples, the effect of the layer on the local phase of the XSW3

field cannot be neglected and the theory of the XSW in layered crystals4

developed in Refs. 24–28 and presented in Chapter 3, is needed for the5

accurate data analysis.6

17.3. Experiment7

Samples with isotopically highly enriched epitaxial films have been grown at8

the MPI-FKF institute in Stuttgart by using molecular beam epitaxy (Ge)9

and liquid phase epitaxy (Si). Since the total surface shift is proportional to10

the thickness of the film, special care has been taken for accurate calibration11

of the growth rate. The final thickness has been measured by using SIMS12

and AFM techniques. The XSW measurements have been performed over13

a wide temperature range by using a laboratory X-ray setup (natGe/76Ge)14

at the MPI-FKF and the RÖMO beamline at HASYLAB (cf. Appendix 515

by G. Materlik).16

17.3.1. Lattice constant measurements for germanium:17

natGe/ 76Ge and 70Ge/ 76Ge18

The samples were grown in an MBE system with a base pressure below19

10−10 mbar. The Ge(111) substrate was prepared in UHV by degassing20

and sputter-annealing to produce a sharp c(2 × 8) reconstruction. The21

cleanliness of the surface was controlled by Auger electron spectroscopy.22

The source material, about 100mg of 76Ge, was kept at 1450◦C in the23

Knudsen cell, equipped with a liquid nitrogen shroud, leading to a constant24

growth rate of 0.92nm/min during the total deposition time of about25

25 h. In order to obtain a smooth Ge film, the substrate temperature was26

slowly ramped from 250◦C to 500◦C during the first minutes of growth. To27

ensure the absence of any residual impurities in the film, the whole MBE28

chamber had been carefully cleaned before the start of the project. As a29

proof of cleanliness, we obtained a zero-phase shift in the XSW yield for30

a natGe/natGe control samples prepared under the same conditions. Two31

samples were grown: (1) an isotopically enriched 76Ge film with a thickness32

of 1.36 ± 0.01 µm and an average isotope mass of M = 75.72 on a perfect33

natGe (111) substrate resulting in a mass difference of ∆M = 3.05, and34

(2) an isotopically enriched 76Ge film with a thickness of 0.56±0.01 µm and35
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Fig. 17.2. Laboratory XSW setup. The X-ray beam is collimated by an asymmetrical
monochromator crystal. The sample is mounted inside a He-flow-through cryostat. The
photoelectron yield is measured by a channeltron and the diffracted beam is monitored
by the scintillation detector. Angular scans are performed by scanning the collimator
crystals by using a piezocrystal.

the same isotopic composition as for the sample #1, but grown on a single1

crystal 70Ge(111) substrate with the average isotope mass of M = 70.08.2

Sample #1 was measured by using a home-made laboratory setup3

based on a double-crystal diffractometer, as shown in Fig. 17.2. The4

Cu-Kα radiation from a 1.5 kW generator, collimated by an asymmetrical5

Ge(333) crystal (cf. Chapter 13), was incident on the sample mounted6

inside a He flow-through cryostat. The XSW measurements were performed7

by scanning the collimator crystal with the help of a piezocrystal. The8

photoelectrons from the sample, excited by the XSW field, were collected9

by a channeltron at a grazing angle of 0◦ to 15◦ to further reduce the10

escape depth. The photoelectron yield curves for different temperatures11

and the Ge(333) rocking curve are shown in Fig. 17.3. The phase change by12

about π is clearly observed while cooling the sample from room temperature13

to 54K, which corresponds to a shift of the crystal surface inward by about14

dGe
333/2 = 54.4 pm. The experimental curves were fitted with the XSW15

theory for multilayer crystals27 (cf. Chapter 3) by using the lattice constant16

mismatch (difference in Bragg angles of the substrate and the layer) as a17
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Fig. 17.3. Photoelectron Ge(333) XSW yield curves measured from the natGe/76Ge
sample at different temperatures. Ge(333) rocking curve is shown at the bottom. The
phase shift ∆ϕ ≈ π is clearly observed while cooling the sample from 300 K to 54K

(from Ref. 28).

fitting parameter. Because of the tetragonal distortion, the values obtained1

from the fit were then converted to relative lattice constant difference based2

on the well known elastic constants for Ge. The results scaled to ∆M = 13

are displayed in Fig. 17.4 by the blue solid circles.284

The 70Ge single crystal, which served as a substrate for the sample #2,5

was grown by the Bridgman technique and initially showed excellent X-ray6

rocking curves, very close to the theoretical ones. However, because of7

various technical difficulties, it needed three attempts to finally grow8

the 76Ge epitaxial layer of appropriate thickness. As a result, because of9

the thermal treatment and/or the subsequently needed re-polishing, the10

crystalline quality deteriorated and the sample showed finally a mosaic11

spread of about 0.3 degree, making it unsuitable for the standard XSW12
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Fig. 17.4. Experimental results from two Ge samples scaled to ∆M = 1. For comparison
the results from the earlier experiment and from theory are also shown.

DORIS

Si(333)

Si(511)
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Sample

CH

Fig. 17.5. Experimental set-up at the RÖMO beamline at HASYLAB. The X-ray beam
is monochromatized by the double-crystal Si(511)/Si(333) monochromator with the
energy bandpass of 0.3 eV. The energy of 7.59 keV corresponds to the near backscattering
condition for the Ge(444) reflection from the sample. Two ionization chambers (I0, I1)
measure the beam intensity. Electrons from the sample are detected by a channeltron
(CH) (from Ref. 32).

technique. Thus, the sample was measured in the near backscattering1

geometry29 which is known to be much less sensitive to mosaicity30,31 (see2

Chapter 4). The experimental setup at the RÖMO beamline at HASYLAB3

is shown in Fig. 17.5.4

A double-crystal Si(511)/Si(333) monochromator was used to produce5

the X-ray incident beam with an energy bandpass of 0.3 eV at an energy6

around 7.59keV. The photoelectron yield curves were collected at different7
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Fig. 17.6. Experimental photoelectron XSW yield curves from the 70Ge/76Ge sample
measured at near backscattering condition, Ge(444) reflection (from Ref. 32).

temperatures by scanning the energy of the beam through the Ge(444)1

reflection.32 As one can see from Fig. 17.6, the angular positions of2

maximum and minimum of the XSW yield change when cooling the3

sample from 300K to 30K due to the shift of the surface layers by about4

dGe
444/2 = 40.8 pm.5

The experimental values of the isotopic effect scaled to ∆M = 1 for the6

sample #2 are shown in Fig. 17.4 as red solid circles. In the same graph7

experimental data from the earlier work10 are shown along with calculations8

based on density-functional perturbation theory33 and path-integral Monte-9

Carlo simulations.3410

17.3.2. Lattice constant measurement for silicon: natSi/ 30Si11

A few years after the start of our project chemically pure silicon isotopes12

became available in sufficient quantities. An isotopically enriched 30Si13

film (60% 30Si, 40% 28Si, M = 29.20) with a thickness of 0.92 µm was14

grown on a perfect single crystal Si(111) substrate with natural isotopic15

composition (91% 28Si, 4% 29Si, 5% 30Si, M =28.14) by liquid phase16

epitaxy. The measurements were performed by using the laboratory setup17

discussed above (cf. Fig. 17.2. Experimental data scaled to ∆M =1 are18

shown in Fig. 17.7 together with theoretical calculations.36,37 Note the19
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Fig. 17.7. First experimental data (solid circles) from the natSi/30Si sample measured
by using laboratory XSW setup and scaled to ∆M = 1. Results from theory are shown
by open triangles35 and open squares36 (from Ref. 32).

much stronger effect for lighter Si than for Ge: Fig. 17.7 yields for T ≈ 0 K1

∆a0/a0 ≈ −3×10−5 whereas in Fig. 17.4 we read ∆a0/a0 ≈ −1×10−5. It is2

easy to show17 that the isotope effect in ∆a0/a0 (normalized to ∆M = 1) is3

proportional to M−3/2. The ratio of the −3/2 power of the mass of silicon to4

that of germanium is 3.5, in rather good agreement with the corresponding5

isotope effects. This scaling law also applies to the corresponding isotope6

effect measured for diamond: 1.5 × 10−4 for ∆M = 1.11 The ratio of this7

effect to that of germanium is 15 whereas (MC/MGe)−3/2 = 14.3. Later,8

high-resolution diffraction measurements at near backscattering conditions9

on a sample with the same isotopic composition but a film thickness of10

15 µm were performed using high-order reflections.37 The results agreed11

perfectly with our XSW data and revealed anomalous temperature behavior12

with the maximum of the isotopic effect at about T = 75K related to the13

negative expansion coefficient of silicon found below 110K.3814

17.4. Conclusions15

The XSW technique has been successfully applied to measure the isotopic16

effect on the lattice constant of Ge and Si crystals. Our approach requires17

only miniscule amounts of isotopic pure materials and moderate crystalline18

quality and it can be used to study materials that cannot be grown as19
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high quality single crystals. We believe this technique can be applied to1

study other physical effects such as thermal expansion and related crystal2

dynamical properties of synthesized and engineerly tailored materials3

and may have technological applications in modern microelectronics and4

optoelectronics technology.5

To estimate the limitation of the technique we consider as a simple6

example a Si crystal, X-rays with λ = 70 pm and a (555) reflection with the7

extinction length of Lex = 28 µm. An epitaxial film with the thickness of,8

say, t = 6 µm will still satisfies the condition that the XSW field is formed9

mostly by the substrate, t � Lex. Then, the phase shift of π will correspond10

to a lattice mismatch of ∆d/d � 5×10−5. Taking a conservative value of 5%11

of π as a detection limit, we can easily see that the relative lattice constant12

difference in the 10−7 range is well within the limits of this technique.13

We conclude by noting that the isotope effect discussed here is also14

of interest in connection with an ongoing attempt to replace the present15

platinum-rhodium kilogram standard by an atomic standard based on the16

atomic mass of isotopic pure 28Si.39,40 Finally, it should be noted that17

experimental data on the isotopic effect on lattice constants of crystals18

represent also a stringent, benchmark test for modern theoretical tools in19

solid state physics such as first-principal calculations.20
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