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The XSW method, due to its element specificity and phase sensi-
tivity, opens up new interesting application areas for studies of the struc-
ture of epitaxial thin films. The purpose of this article is to demonstrate
the capabilities of the technique based on the experiments the authors
have conducted at different SR sources over the past several years. We
will limit the scope of this review to only the few applications that in-
clude precise lattice mismatch measurements, polarity determination,
and impurity localization. We will show that the properties and the be-
havior of the standing wave in the epitaxial structure and attainable
structural information depend on a combination of experimental param-
eters. The most important parameters are: the film thickness Ufims €X-
tinction length L,,, lattice mismatch Ad/d = —A8 « cgBj, determining
the angular separation of the substrate and film diffraction peaks A8, and
the yield depth L; of the secondary radiation excited by the XSW field,
usually fluorescence or_pholoelecuons‘

Based on the above parameters we can describe thin film XSW ex-
periments under the following four situations:

(i) Fora very thin film and/or high order substrate reflection, such
that fg, << Ly, the XSW field inside the film is not signifi-
cantly affected by the presence of the film and it can be con-
sidered as generated in the thick substrate and described by the
dynamical theory for a perfect crystal. The fluorescence yield
from the film can be analyzed in terms of the standard XSW

(i)

parameters, coherent position P and coherent fraction F [1].
The XSW curves will have high sensitivity to the interface
structure [2, 3] and small lattice mismatch [4, 5].

When the secondary radiation is collected from a very shallow
surface layer L,; << Iz, and the interface structure is known
the lattice mismatch Ad/d between substrate and film can be
measured with high precision [6, 7). We will demonstrate this
situation by our studies of the isotopic effect on the lattice con-
stant of Ge and Si.

(iii) For a large mismatch with Ad/d >> gy, + c1g8p, Where Wy, is

the width of the substrate rocking curve, diffraction from the
film is well separated from the substrate and, for a thin film
(tm << Leg), it is essentially kinematical [8]. This situation is
typical for modern ultra-thin film technology when the thick-
ness of the film is usually constrained to be within a coherent
growth mode. We will show that using 3rd generation SR
sources the XSW fields generated inside few nm thick films
can be reliably measured and that important parameter such as
the polarity of a film with noncentrosymmetric structure can be
unambiguously determined.

(iv) Collecting the atomic fluorescence excited by the XSW field

one can localize these atoms in the lattice of the film [9]. In
modern semiconductor technology, impurity activation remains
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2 most important problem. We will demonstrate that the XSW
method can provide a link between structural properties and
electrical behavior of dopant atoms.

To calculate the XSW field in an epitaxial structure, conventional
single crystal dynamical diffraction theory is not sufficient and a more
general theory of the XSW in the crystal with modified surface layer is
required [10-13]. Staring in the early 1980s, experiments on epitaxial
structures served as a testing ground for development of a more ad-
vanced theory. Most experimental results presented in this article were
analyzed with a computer algorithm based on the theory of X-ray dif-
fraction and XSW in multilayer crystals [13].

Precise lattice constant measurements:
Isotopic effect in Ge and Si

Isotopic effect on crystal volume originates from the effect of nu-
clear mass on the zero-point vibrations and the related anharmonicity of
interatomic potentials. The effect is largest at low temperature and it is
proportional to relative mass difference AM/M. In the case of small
AM/M and a low Debye temperature, the expected changes in lattice
constant Aa/a lie in the 103 to 10-6 range. Besides an academic interest
1o verify different theoretical models, this effect has important practical

3
implications in modern metrology.

We studied this effect in Ge [14, 15] and Si [15] by growing iso-
topically enriched epitaxial films ("6Ge, M = 75.63, and 30Si, M = 29.2)
on single crystal substrates of different isotopic composition (natural
Ge, M = 72.59, isotopically enriched ™Ge, M = 70.08, and natural Si,
M = 28.14). We then used the XSW method to precisely measure the
corresponding lattice constant differences.

The measurements were performed in a cryostat in a temperature
range from the room temperature (RT) to 30K. Photoelectrons excited
by the XSW field were collected with a channeltron at a grazing exit
angle to satisfy the critical condition of keeping the yield depth Ly; very
small. When the XSW signal is collected from the topmost layer the
interference term in the XSW yield acquires an additional phase shift
2w+ P = 2m« N« (Ad/d). Thus, an XSW measurement determines the
total shift of the surface N+ Ad = 1+ (Ad/d), where N is the number of
lattice planes in the film and r is the thickness of the film. Because of the
moderate crystal quality of the 7°Ge substrate with mosaic spread of 0.3
deg, XSW measurements were performed in backscattering geometry
using the (444) reflection. The experimental setup used at the HASY-
LAB ROMO station is shown in Figure 1a. The photoelectron yield from
a 0.56 um epitaxial 76Ge layer on Ge is shown in Figurelb for differ-
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Figure 1: (a) Experimental setup at the ROMO station at HASYLAB used
for the XSW analysis of the isotopic effect on lattice constant of Ge is
shown. Backscattering geometry was used to overcome mosaicity of the
70Ge substrate. The photoelectron yield was collected by channeltron (CH)
at the grazing exit angle. (b) X-ray reflectivity and photoelectron yield for
different temperatures from a 0.56 wn epitaxial 7Ge layer on °Ge as a
function of energy AE for the (444) reflection [15]. The solid lines are fits
to the experimental data (symbols). The phase shift approximately by n is
clearly observed as the sample is cooled doun to 30 K corresponding to the
total shift of the surface,of =0.44.
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ent temperatures. One can clearly observe the phase of the XSW curves
changing approximately by m as the temperature goes down from the
room temperature (RT) to 30 K. This phase shift corresponds to a total
shift of the surface by di4a/2 = 0.4 A, With knowledge of the film thick-
ness and elastic constants, the difference in lattice constant can be de-
duced [14]. For Ge and Si and a mass difference of AA:! =1 amu we
found at RT (30 K) a lattice constant difference of Aa/a = —0.36 x 10~
(~0.88 x 10-5) and —1.8 x 10-5 (=3.0 x 10%), respectively. The error in
Ad/d, which is smaller than 10-¢ in these experiments, can be further re-
duced by choosing higher order reflections. New experiments to meas-
ure the influence of the isotopic mass on the lattice constant of com-
pound semiconductors are in progress.

Polarity measurements: GaN thin films

Most semiconductor crystals are noncentrosymmetric and exhibit
different physical and chemical properties on faces distinguished by po-
larity. From early on the XSW technique was established as a sensitive
tool for unambiguously determining polarity. Experiments were suc-
cessfully performed by different research groups on perfect single crys-
tals such as GaP [16, 17], CdS [18], GaAs [19, 20], CdTe [21]. Recently,
interest in this problem has been revived with advances in gallium ni-
tride thin film technology. In GaN based heterostructures, polarity is one
of the major factors determining confinement of a two-dimensional
electron gas at the interface [22]. Polarity is not easily predicted and a
direct technique is needed to determine it experimentally.

We applied the XSW method to determine polarity of thin GaN
films grown by plasma induced molecular beam epitaxy (PIMBE) on
sapphire [23], and by hydride vapor phase epitaxy (HVPE) on the Si-
face of SiC [24]. The basic idea of the technique is illustrated by Fig. 2a
where two GaN structures, with Ga- and N- faces, are shown together
with the positions of the XSW antincdal planes at the low- and high-
angle side of the rocking curve. Experimental Ga-K fluorescence yield
curves are shown in Figure 2b. Surprisingly, we found [23] that a GaN
film grown on sapphire by MBE shows N polarity (left panel in Figure
2b), which is opposite to the Ga polarity of the film grown on the same
substrate by metal-organic chemical vapor deposition (MOCVD). This
finding provides important insight to control electrical characteristics of
GaN heterostructure field-effect transistors [22]. For the GaN film grown
by HVPE on the Si-face of SiC (Figure 2b, right panel) the Ga polarity
was unambiguously determined [24].

A remarkable feature of these and other thin film XSW experiments
(e.g. on high-temperature superconductor (HTS) [8, 25] and the ferro-
electric films, described in the next section) is that these materials, from
the dynamical diffraction point of view, are highly imperfect. Even the
best quality GaN films show dislocation density in the range of 107 to
10% cm? [24]. One would not expect to apply the “standard” XSW
method to such materials, but because diffraction is essentially kine-
matical and the rocking curve is broad, the thin film XSW technique is
very forgiving. However, the experimental cost of “going thin” is that
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Figure 2: Determination of the polarity of thin film with noncentrosymmetric structure. (a) Crystal structure of GaN for N- (left) and Ga- (right) faces.

The positions of the antinodal XSW planes at the low angle side of the rocking curve

(RC) are shown as solid lines and at the high angle side of the

RC as dashed lines. The downward pointing arvows indicate the imuard shift of the antinode by balf of doss while crossing the GaN(0002) Bragg peak.
(b) Experimental XSW data collected from the GaN filns grown by plasma induced molecular beam epitaxy on sapphire (123}, left panel) and by hy-
dride vapor phase epitaxy on Si-face SIC (24], right panel). The N-polarity was unambiguously determined in the first case and the Ga-polarity in the
second one.
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the XSW interference field is weak. The thinner the film, the lower the
reflectivity R, and the weaker the visibility of the XSW interference
fringes V ~ 2VR. In our experiments we demonstrated that with modern
SR beams, modulations of few percent or even less in the fluorescence
yield produced by a very weak XSW field can be reliably measured.

Polarization switching in thin ferroelectric films

The direction of polarization in ferroelectric crystals can be
switched by an external electric field and this provides the basis for non-
volatile random access memory [26]. On the atomic level this phenom-
enon involves a shift of different ion lattices relative to each other. Re-
cently, single crystal ferroelectric thin films with thickness much less
than the typical domain size in bulk crystals have been grown using var-
ious synthesis methods. It was established [27] that for PbTiO films the
formation of a-domains with polarization vector parallel o the surface
can be totally suppressed below a critical thickness of 500-700 A and
single-crystal c-domain films are grown by MOCVD technique on
SrTiO3(001) substrates. The tetragonal up and down PbTiO3 unit cells
are shown in Figure 3a. Whether these c-domains are polarized up or
down exclusively or whether there is a co-existence of both domain
types is not obvious. To answer this question we applied the thin film
XSW technique to study the structure of PhTiO; films with the thick-
nesses of 100 A, 200 A, and 400 A [28]. Measurements were performed
by using both (001) and (002) reflections and Pb-L and Ti-K (at grazing
exit angle) fluorescence yield at several lateral positions. Our results un-
ambiguously show a single up polarization state for 400 A thick film,
while for a 100 A thick film we found both up and down domain re-
gions. Our finding of a single polarization state in an as-grown ferro-
electric film is quite intriguing considering that the transition tempera-
ture reported for bulk PbTiO3 (490°C) is much lower than the growth
temperature (700-750°C). This may indicate a thickness effect or, more
likely, a role for substrate surface structure, and surface atomic termina-
tion in particular, in determining polarization state in the growing film.

Figure 3: (a) The a-axis projection of the P6TiO; (Pb(Zr,Tir.)Os, PZT)
tetragonal up and down perovskite unit cells is shown. The net dipole mo-
ment is due to the displacement of the Pb+2 and Ti(Zr)* subblattices rela-
tive 10 the O2 sublattice. The solid lines show the position of the (001) dif-
fraction planes. The arrows mark the inward path the XSW antinode
follows while scanning through the (001) diffraction peak. (b) Experimen-
tal reflectivity of the PZT capacitor structure. The inset schematically
shows the heteroepitaxal structure. (c) Experinental XSW data taken from
the PZT capacitors polarized down (upper curve) and up (down curve)
129]. The best it for the up and down domains is shown by solid lines. The
measurements were performed on structures with the top Ag electrode of
250 uum diamieter. The curves were given a 0.02 vertical offset for purposes
of clarity.
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As anext step toward understanding polarization switching, we per-

1 um InP(Zn) on InP(001), 400, 10.0 keV'

formed experiments on Pb(Zro;Tig7)Os (PZT) that are
used as a prototype of future memory cells [29]. The capacitor siructure
consists of a 20-nm-thick epitaxial PZT film grown on an epitaxial 136-
nm-thick SrRuO; layer (bottom electrode) deposited onto a single erys-
tal SYTIO; substrate (inset in Figure 3b). Polycrystalline 30-nm-thick Ag
top electrodes were clectron-beam evaporated through a shadow mask
onto the surface of the continuous PZT film. The X-ray reflectivity (Fig-
ure 3b) shows diffraction peaks from the substrate, bottom electrode,
and the PZT layer. The top electrode of a selected capacitor was con-
nected to the output voltage of a function generator, while the bottom
electrode was held at ground potential. The XSW measurements were
performed on a number of capacitors after they underwent a voliage
cyeling that left them in one or the other polarization state. We found re-
‘markable agreement between structural and electrical characteristics
(Fig. 3¢). For some structures backswitching was observed, in agree-
ment with electrical measurements that showed a preferred orientation
for these capacitors. The success of this type of measurement opens the
door to more complex endeavors. For example, by combining the thin
film XSW method with X-ray micro-focusing and in-sifu biasing, one
could hope to observe real-time switching with micron-scale lateral
resolution and to study degradation phenomena such as imprint and
fatigue (26

Impurity localization in semiconductor films: Zn in InP

Incorporation of bulk impurities in the lattice remains one of the
‘most important problems in semiconductor technology. Electrically in-
active dopant atoms often lead to uncontrolled diffusion, displ
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of the p-n junction, changes in the built-in electric field in the active re-
gion, and deterioration of the device performance. The XSW technique
can provide structural information about the position of dopant atoms in
the host lattice, which is extremely important for a better understanding
of the activation process on the atomic level. In our recent experiments
at CHESS we studied 1 um thick InP epitaxial films grown by MOCVD
on InP(100) substrates [30]. The films were doped during growth with
Zn, the most widely used p-type dopant for InP based optoelectronics
devices. The Zn concentration measured by SIMS was (2.4 20.2) x 101
em and the p-type carrier concentration of (1.2 £ 0.1) x 10% em was
determined by electrochemical CV profiling. The (004) XSW Zn-K flu-
orescence yield is shown in Figure 4 together with In-L and P-K yields
from the film as well as the X-ray reflectivity curve. Strong modulation
inthe center is d Xeray by the
substrate and the film, This is followed by a more weak and broad XSW
feature attributed to the film. The fit (solid lines) of the XSW data for
the host atoms composing the film yields a static Debye-Waller factor
Jitm = eXp(=Wy) = 0.94 with the coherent fraction and coherent posi-
tion F** = 1.0 and P = 0.0 as determined from both the In-L and P-
K data. The high value of the static Debye-Waller factor indicates ex-

Figure 4: XSW data collected from the 1 wn thick InP epitaxial films
grown by MOCVD on InP(100) subsirate and doped by Zn during the
‘grouwth is presented: Zn-K fluorescence yild from the doping atoms (red
circles), PK (blue squares) and In-L (purple triangles) fluorescence from
the fibm lattice, and the X-ray reflectivity curve R (at the bottom, right
scale). The best fi is shotwn by solid lines. For the P-K and In-L curves
the fit yields the static Debye-Waller factor fu, = 0.94 with FI*"
PIF = 0.0. The coberent fraction for Zn atoms FZ*
most of the electrically inactive Zn atoms (about 50%,
profiling measurements) are randomly distributed in the lattce. The cober-
ent position of P2 = ~0.11 indicates sniall displacement of Zn atoms from
the latce sites due to the difference in the bond lengths.

cellent crystalline quality of the film. Using the same f, the fit of the
ZnK data yields FZ" and P# = —0.11. The reduced coherent
fraction FZ", consistent with electrical measurements, indicates that
most of the electrically inactive Zn atoms are randomly distributed in
the lattice, most likely taking up interstitial positions or forming clus-
ters. The (111) XSW data (not shown) reveals that electrically active Zn
occupies the In sublatice.
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Summary

Our experiments show that an XSW field can be generated by ex-
tremely thin films under conditions when diffraction becomes essen-
tially kinematical. With modern SR sources, weak modulations in the
secondary radiation yield produced by this field can be reliably meas-
ured and used for structural analysis. This opens up new avenues for
studying crystalline materials that cannot be grown as perfect crystals,
but can be grown only as modest quality thin films. For a more complex
multilayer heterostructure one has a possibility to excite the XSW field
in a particular layer by tuning the incident angle or energy. By so doing
one may study the structure of the layer itself or use it as a XSW “gen-
erator” to probe the structure of layers on top of it. The theory of XSW
in layered crystalline structures is well developed and demonstrates ex-
cellent agreement with experiment. When compared to traditional XSW
technique that requires perfect crystal optics with a high degree of an-
gular collimation, thin film XSW can tolerate a divergent incident beam
leading to new experimental possibilities. Focusing optics producing X-
ray beam with divergence of several mrads can be used for microbeam
applications without deterioration of XSW pattern (see the contribution
by M. Drakopoulos et al., this issue). To further increase the intensity of
the incident beam multilayer optics can be used for many thin film ex-
periments. New detection techniques based on bent analyzer crystals
may prove to be more efficient when working with high intensity beams,
and to provide much better energy resolution. The remarkable progress
in thin film technology over the last few years makes us optimistic about
new exciting experiments that will provide unique structural informa-
tion about crystalline materials that will be synthesized tomorrow. =
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