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Non-coplanar X-ray grazing incidence diffraction is
an appropriate method to investigate the strain and
compositional set-up of semiconductor nanostruc-
tures. Exploiting refraction effects at the air-sample
interface, the penetration depth of the probing X-ray
can by tailored between a few and several hundred
nanometers below the surface. While the detected
signal 1s Dragg-diffracted at a lattice plane directed
perpendicular to the surface, the method possesses
the capability for a depth-resolved analysis of the
relaxation state in semiconductor multilayers. Beside
vertically stacked structures, it can be applied for
the investigation of Ilaterally patterned nano-
structures, such as free-standing and buried surface
gratings. This article will introduce the reader to the
experimental set-up, the resolution condition, and
theoretical approaches necessary for running and
interpreting GID-experiments, followed by a brief
review of recent applications.

1. Introduction

The development in semiconductor technology is cur-
rently characterized by a downscaling of the dimension
of active elements. In order to exploit quantum effects,
the thickness of the active layer has to be of the order of
the excitonic radius of the respective material; for GaAs
this is 10 nm. The limitation of the vertical layer thick-
ness down to several manolayers, single quantum wells
(SQW), creates atomic-like energetic levels above the
conduction and below the valence band of the active
material which modifies the electronic band gap. This
opens the opportunity for tailoring the photolumines-
cence energy by controlled preparation'.

Additional lateral patterning (quantum wires, QW) in-
creases the density of states close to the quantization
levels, gives rise to an increase in the efficiency of ra-
diative recombination, and lowers the threshold of the
respective laser devices. Patterning in both lateral di-
rections (quantum dots, QD) creates 3D atomic aggre-
gates on a mesoscopic level which provides new
physical properties®.
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The technological process of nanostructure prepara-
tion requires non-destructive methods for sample charac-
terization. Whereas scanning-probe techniques are used
to characterize film surfaces, X-ray techniques still re-
main important for probing the internal interfaces and
the vertical and lateral correlation of mono- and multi-
layer structures near the sample surface®. Beside their
non-destructiveness, the refraction of the X-ray beam at
the air-sample interface makes the techniques most
sensitive for thin-layer analysis. Since the refractive
index of matter for X-rays is smaller than unity, the X-
ray penetration depth can be drastically reduced to sev-
eral nanometers if the beam strikes the sample surface at
a very shallow grazing angle. Thus the vertical density
profile can be probed by X-ray specular reflectometry.
In the wide-angle region, conventional coplanar X-ray
ditfraction techniques have been improved in order to
enhance the sensitivity with respect to small strain fields
and lattice mismatches. Extreme near-surface sensitivity
could be realized by the use of strong-asymmetric dif-
fraction schemes*” and, 1n particular, by the X-ray
grazing incidence diffraction (GID) method, which
combines the depth sensitivity of X-ray reflection
and the strain sensitivity of the wide-angle X-ray dif-
fraction.

The GID technique was first applied by Marra et al.®
to identify a very thin gold layer on GaAs. Their ex-
perimental scheme 1s based on a paper published by
Vineyard’ which first investigated the consequences of a
shallow angle of incidence on the diffraction intensity in
terms of the first-order Born approximation. Dosch
et al.® have shown that this approach is inappropriate.
They published experimental evidence that the scatter-
ing intensity in this scheme ts mainly controlled by the
Fresnel transmission function and that the structure fac-
tor peaks at the critical angle of total external reflection
a.. This behaviour can be entirely understood in terms
of the distorted-wave Born approximation (DWBA)’.

Early applications of the GID scheme in Western
Europe are based on this approach. Dosch and his group
have used this technique for the investigation of near
surface structural phase transitions in metallic systems'’.
Bernhard et al.'' and Rugel et al.'® have studied the sur-
face damage of ion-implanted silicon.
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Independent from the above-mentioned development, a
dynamical theory of GID was introduced by Afanasev and
Melkonyan'’ which initiated a new line of surface-sensitive
experiments at the Institute of Crystallography in Moscow
in the mid-eighties. Publications emerged investigating the
near surface region of silicon surfaces using GID'*".

The first application of GID on semiconductor multi-
layers has been published in the early nineties'® where it
was demonstrated that different sublayers can be probed
step-by-step by changing the angle of incidence, ¢; from
a; < a, to a; > a.. This will be explained 1n more detail
in the following sections.

2. Refraction and diffraction

X-ray scattering is well-described 1n terms of reciprocal
space. Using the scattering scheme introduced in Figure
1 the reciprocal space co-ordinates are

0. = K(cosa;cosfs — cosa; cosh,;), (1)
Q, = K(cosassinb + cosa; sind;), (2)
0, = K(sina; + sina;). (3)

a; and ag are the incidence and exit angles with respect
to the surface; & and O¢ are the angles measured
with respect to in-plane vector Q, as demonstrated 1n
Figure 1. K = IKyl = IK\l is 27/A, A being the wavelength.
Assuming 6, =6;=0 and a;=0; the scattering
takes place within the (O, @, plane only and the
z-components of the electric field vectors are Eyet92
and E,e"'9,

While the refractive index outside the sample is unity,
its value inside 1s

2
Ar it (4)

27T 47

1 .
n=1-5(x5+%8)=1-

Here ¥’ and y”y are the real and imaginary parts of the
dielectric sus&®htibility at the origin of reciprocal space
which are connected with the electron density p and the

Q:

X-ray absorption coefficient # of the material, respec-
tively; r. is the ‘electronic radius’. Due to the fact that
X0<>0 the z-component of the field vector within the
sample (Q, in eq. (1)) has to be replaced by

q, = K[Jsin a:% —8in ag + 4fsin a? —sina? ], (5)

this z-component becomes E«'"“®, where E, is the
transmitted electric field vector. In the following we
consider the reciprocal space inside and outside the
sample.

For small ; ¢ the Fresnel coefficients of reflection r
and transmission f are

_ (Ii—Ja?—ag (6)
g tJai-al
1 ] M
- 2(3.’% | (7)
ai+‘/(l'i -,
using the relation
ai{:-= Xo- (8)

If ;< a, the incoming wave becomes evanescent and
propagates in the (q,, g,) plane. Its penetration depth A
towards the sample is non-zero. It is of the order of the
decay length of the transmitted wave into the sample,
given by the reciprocal of the imaginary part of g,
shown in eq. (5),

1
Iqu'

A (9)

A is proporational to 1/.,/(1'3 —a?'f if ;s < a, and a;/u

if a; ¢ >> a.. The functional behaviour of A versus ¢; 1s
shown in Figure 2. For GaAs the minimum A is about
5 nm. Depending on the ratio between a; and a; the
penetration depth approaches about 300 nm for grazing
angles of about 1° using copper radiation.

=

A‘\!{' -

Qx

Figure 1. Definition of angles and directions of the GID set-up.
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Figure 2. Effective penctration depth below a GaAs surface for a
GID experiment, calculated for different angles of incidence and

exit.

Rotating the sample about the surface normal, any
Bragg diffraction peak may appear if the in-plane angles
0, = @, (see Figure 1) are close to the respective Bragg
angle 0. Then a reflected and additionally Bragg-
diffracted wave propagates in the ky direction. The in-
tensity of this wave depends on the deposited energy
below the sample surface, i.e. the magnitude of the
transmission function #(a; ). For fixed «; the retlected—-
diffracted wave reaches a maximum if ¢; equals ..

Due to the truncation of 3D space by the sample sur-
face, the intensity distribution of a Bragg diffraction
peak is no longer a single point in reciprocal space. The
Bragg intensity is smeared out in a direction perpendicu-
lar to the surface. These so-called truncation rods con-
tain the complete information about the electron density
variation along the sample normal.

3. Experimental realization

The experimental set-up is shown in Figure 3. A well-
collimated monochromatic incident beam strikes the
sample surface at a;. The specularly reflected beam can
be detected at an exit angle a; = ;. Maximum 1n-plane
intensity 1s expected whenever any in-plane Bragg
condition is satisfied. At this angular position the varia-
tion of the reflected—diffracted beam can be recorded as
a function of «;. Its intensity maximum can be used to
calibrate the critical angle a,. which is necessary to call-
brate the angular coordinates of the diffractometer with
the reciprocal space coordinates of the sample.

The intensity distribution is recorded usually across
any direction within the (g,, g,) plane (in-plane scans) or
as a function of g, for fixed g,, (truncation rod scans).
Using a position-sensitive detector (PSD) the reciprocal
space is inspected on a circle slightly inclined with re-
spect to g,.
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Figure 3. Schematic set-up of the grazing incidence experiment for
the particular case of inspecting patterned surfaces.

The three coordinates of the reciprocal space can be
varicd by changing four angles «;, a; 8; and 8 Thus
there is the opportunity to vary the reciprocal space co-
ordinates without losing the depth resolution. In most
cases «; was kept fixed and the other three angles were
used for scanning the reciprocal space.

The resolution in reciprocal space depends on geo-
metric restrictions in the experiment. Because the in-
tensity of the reflected—diffracted wave is of the order ot
only 107, efficient GID experiments require high-power
X-ray sources, such as synchrotron radiation. They pro-
vide high-intensity and a well-collimated incident beam
which can be tuned over a wide range of wavelengths.
The experiment can be equipped with optical elements
which improve the resolution, such as double-crysial
monochromators before and an analyser crystal behind
the sample. The detection of truncation rods 1s per-
formed by scanning at least two of the four angles. The
variation of the other two follows from the conditions

(10}

cosay cosfs = cosa; cosb;,

COS Oy Siﬂ@f + COSd,; Sin9i = 25iﬂ@3||, (1 1)
where Qg is the lateral projection of the Bragg angle.

- Now we introduce an azimuthal deviation 7;,=0,;5-
@3];. Assuming Iaitfl << ] and lﬂl << 1 we obtain the di-
rection angles of the diffracted beam using the maszer

formula of GID'"'%,

1 :
Mif = '2_ai2,f Sin(20 gy} - iR cos(20g),

O‘.’%i = aﬁf COS(2@BI|)+ 2’7i.f sin(2@BH) .

(12)

As a consequence any divergence An; of the inciden!
beam in the azimuthal direction with no divergence In
the vertical direction (Aq; = 0) initiates an azimuthal
divergence of the diffracted beam
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Ane = Anicos(204y), (13)
and a vertical divergence as well,
Aag = 47, sin(20 ). (14)

¢

On the other hand, the simultaneous excitation of the
entire truncation rod for fixed «@; requires a non-
vanishing in-plane divergence 7;¢. The smaller n;, the
shorter the 1lluminated part of the truncation rod. The
results for both fixed «; and fixed ¢ can be summarized
by the condition

a; (A ; = 7351020, (15)
The validity of these relations has been confirmed ex-
perimentally'”.

4. Theoretical description

An extension of the GID dynamical thedry on multilay-
ers was first presented by Rhan and Pietsch®. After this
a complete GID dynamical theory has been developed

by Stepanov et al.*'. It is based on a matrix approach

and is available via the internet®. It is valid in general,
but only a few highly-perfect materials require its appli-
cation. An application of the dynamical approach for
laterally mismatched heterosystems has been proposed
by Ulyanenkov et al.>.

Many interesting material systems can be interpreted
in terms of a semi-kinematic approach based on DWBA.
Expressed 1n terms of the reciprocal space coordinates
of the sample, the GID intensity is the square of the
scattering amplitude A(q,, q,)"*

1(d09,) = (1@ aDA(q.q.)) exp(-0°q",), (16)
corrected by the transmission functions with respect to

the angles of incidence and exit which treat the refrac-
tion of the X-ray wave at the air—sample interface. In

most cases the density differences between the sublayers |

of the sample are so small that the multiple scattering
between the internal interfaces can be neglected. Then
t(a; ¢) 1s described by eq. (7) using an average sample
density. To do that, {x,) is averaged across the respec-
tive penetration depth

A
(xo0) = deXU(Z)- (17)
0

The Gaussian in eq. (16) is an overall damping function
containing o as a parameter which represents the aver-
age surface and interface roughnesses for the sample. At
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the particular in-plane scattering vector, H the scattering
amplitude A(q,, q,) is expressed by

ef‘fzzn -1 — efqg':zn

N
A(qx! qZ) = ZA;(Qx)XH,n ) (1 8)

] — g'dz40
n=l
where z, are the sublayer distances in the z-direction
measured from the top of the sample down to the bulk:
a 18 the in-plane lattice parameter of the substrate: YH n
are the respective Fourier components of the dielectric
susceptibility, A'(g,) contains the in-plane variation of
the electron density. If the surface is non-patterned, it is
simply the resolution function for the experiment. For a

lateral grating A'(q,) is expressed by**,

V27T
A(g,) =1 f(qy. ‘?z)lza(q,x —JT)*) : (19)
J
| D
with f(qy, q;)=— |elssteutan (20)
xE: D/2

The sum in eq. (19) describes the lateral correlation
function of the one-dimensional grating with periodicity
D. 0 is the in-plane resolution function which becomes
the Kronecker-0 whenever the lateral correlation goes to
infinity. f(q,, gq,) 1s the grating shape function (note the
g, dependence).

The simulation problem consists of finding the correct
layer thicknesses t,=2z,_,— 2, and the respective sus-
ceptibilities ¥4, of the sublayers as well as the determi-
nation of the lateral shape function (for gratings). For
the fitting procedure 1t 1s helpful if the sample can be
inspected at different depths A below the surface and
that the respective scattering curves match a unique set
of fit parafneters.

Recording a rod scan at the in-plane scattering vector
H of the substrate, the strength of scattering of individ-
ual sublayers 1s a measure of the pseudomorphy of the
heterostructure. The scattering strength 1s a maximum,
1.€. ¥ = ¥u mae for lattice matched heterostructures and
¥n = 0 for a completely relaxed sublayer. Depending on
the deviation from the in-plane Bragg condition, 1t may
vary in the range 0 < ¥y < ¥4 mar- Also, tor amorphous
layers yy is zero. This may happen right close to the

. . . . . 27
surface'®'” or after ion implantation in a buried layer®'.

5. Applications
5.1. Measuring layer thicknesses

The GID technique is very sensitive to thin layers close
to the surface. To apply this technique tor measuring the
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layer thickness ¢, the truncation rod has to be inspected
close to the angular position of an in-plane Bragg peak
excited at @g and using a fixed angle of incidence
a, > a,. Under this condition, the vertical momentum
transfer is only varicd by changing @ In reciprocal and
angular space and for a; >> a, it yields

27T A

] = ~—— =

M; Ti m+l ~fm

(21)

This is demonstrated in Figure 4. It shows the intensity
distribution of (200) in-plane diffraction from a (001)
oriented GaAs/InAs/GaAs double heterostructure as a
function of ag, recorded for ditferent values of ;. Inde-
nendent of «;, one sharp peak first appears at a; = a,. It
reflects the maximum of the Fresnel transmission func-
tion (see eq. (7)). For a; < a, no additional peak ap-
pears, because the penetration depth 1s smaller than the
top layer thickness (see Figure 2). On increasing a;, A
increases and the X-ray beam gets scattered at the in-
trinsic interfaces of the sample. Thus several thickness
oscillations appear for a; > a..

10°

10°

104

0.0° 0.9° 1.0°

From eq. (21), the top layer thickness is obtained as
top = 37 £ 1 nm. The thickness of the thin InAs quan-
tum well 1s not directly visible from the Kiessig fringe
distances, but 1t becomes accessible via the phase con-
trast between the quantum well and the GaAs top layer.
Assuming A, and Aj are the amplitudes of the GaAs lay-
ers and f; the thickness of the InAs quantum well with
t; << (fy + 13) the total scattering amplitude A is ap-
proximately given by”®

A=A+ A exp[—fzfﬁ-]_

. (22)

The amplitude A3 experiences a phase shift during the
passage of the wave across the quantum well. It changes
1its magnitude and sign relative to A;. Numerical simula-
tion reveals that the angular position of the thickness
oscillations depends on the effective thickness of the
quantum well. In the present example the interfaces are
not sharp. Instead the nominal thickness of one mono-
layer, the indium content is spread over about 5 mono-

o; = 0.8°
o; = 0.6°
a; = 0.4°
l“l'nih IRl | o =02

1.5° 2.0° 2.5°
exit angle ay

F‘igure 4. Scans of ay at different values of a; recorded in GID geometry for (200) in-plane
diffraction from a GaAs/InAs/GaAs (001) single-quantum well structure.
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Figure 5. Experimental (curve a) and simulated ¢, scans of a
GaAs/Gaor7Ing 13As/GaAs (001) double heterostructure recorded
under GID geometry close to the (200) in-plane GaAs reflection. The
two stmulations are of the expected rod structure, assuming abrupt
interfaces (curve ¢) and a compositional grading close to a single
interface (cuve b),

layers®’, which may be explained by lateral averaging of
the scattering events across different monolayer steps.

Another example, shown 1in Figure 5, displays several
a; scans of a GaAs/Gaggrlng13As/GaAs double het-
erostructure with larger thicknesses compared to the
previous example. The task here was to verify the exis-
tence of a compositional grading close to the GaAs-
GalnAs interface which had been indicated by photo-
Juminescence measurements’ . The use of the (200) in-
plane reflection was preferred for this purpose because
it gives a large scattering contrast between the scattering
amplitudes ¥Ypgammas and ¥pcaas, Which cannot be ex-
pected at the (400) diffraction. The angular spacing
between the oscillations provides a top layer thickness
f = 112 nm. Numerical simulation reveals that for sharp
interfaces the truncation rod structure should show a
modulation with a periodicity Aas=A/tganas as follows
from eq. (21); this is not visible in the experiment. The
experimental curves can indeed be explained by consid-
ering the expected compositional grading. Unfortunately
we are unable to tell whether the grading is close to the
lower or the upper intrinsic interface. However, it
amounts to one-fifth of the expected homogeneous
thickness of the GalnAs layer®.

Finally we give an example of the application of the
GID technique for the characterization of multilayers.
Figure 6 shows several arresolved curves recorded from
a MOCVD grown lattice matched GalnAs/InP superlat-
tice'®. For very low «; no additional peak appears except
that caused by the Fresnel function (see eq. (7)). In-
creasing the incidence angle, additional peaks appear
measuring the superlattice spacing. From eq. (21) we
obtain Ise. = IGatwAs + linp = 46 nin. The thickness ratio

CURRENT SCIENCE, YOL. 78, NO. 12, 25 JUNE 2000

normalised intensity (a.u.)

as/a,

Figure 6. a -resolved GID intensities of an InGaAs/InP superlattic
measured at the (220} Bragg position of InP at different a;.

1.5
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log intensity (a.u.)
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0.0
0.0G 0.25 0.60 0.75 1.00 1.25 1.50

Figure 7. Measured (curves a and ¢) and calculated (curves b and d
ar scans of an InP/GalnAs multiplayer structure containing a burie
GalnAs enlarged quantum well, Curves a and b correspond
a;= 1.2° curves ¢ and d to a; = 1.4°,

could not be determined due to the only modcerate in-
tensity of a bending magnct station at HASYLAB
(A = 0.1388 nin) used for this experiment. Because the
electron density difference between both sublayers i
about 7% there is a different critical angle of the top
layer and the average superlattice. This appcars as an
asymmeltry in the measured SL-peaks (sce Figure 6).
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Figure 8. In-plane diffraction curves of several Gagpglng2As/GaAs multilayers with different thicknesses of

the GaAs sublayers. The different in-plane peak posttions indicate partial and complete relaxation.

The out-of-plane resolution was too poor to detect the
thickness oscillations 1n the measured rod scans. Never-
theless, the total number of layers could be determined
from the widths and the absolute intensity of the SL-
Bragg peaks.

Figure 7 shows rod scans of a sample containing an
enlarged GalnAs quantum well embedded between two
superlattices each containing 15 InP/GalnAs periods
with tsp = 9.4 nm. Although the bad interface quality
prevents the appearance of thickness fringes, the first-
order superlattice peak is visible. Its double-peak behav-
1our is induced by the phase shift between the top and
bottom superlattice after passing through the quantum
well. It can be described by eq. (22) after the substitu-
tion of A;3 by the respective scattering amplitudes of
both superlattices.

Thus the quantum well thickness is measured from the
intensity ratio V between the two maxima at the first-
order Bragg peak. V changes with a;; we found V<1
for ;= 1.2° and V> | for a; = 1.4°, A fit of a computer
simulation to the two curves gave the result
IGainas = 3.26 * 0.24 nm. This result has a relative pre-
ctsion better than 5% (ref. 31).

5.2. Determination of lattice mismatches

The GID scattering geometry enables a unique meas-
urement of the in-plane lattice parameter even for very
thin layers this was the very first application of the GID
scheme®. For semiconductor heterostructures, GID can
be used to directly determine the degree of relaxation R
in thin layers. R is defined by

1490
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Figure 9. In-plane and out-of-plane lattice parameters of the
GalnAs/GaAs multilayer system for which diffraction curves are
shown in Figure 8.

Uoubstrate

of (23)

Alayer ) ~
R = 2t

Qlayer — substrate

where dj,y.. 15 the in-plane lattice parameter of the layer
after growth onto the substrate and ay,y,, that of the free-
standing material. agpame 1S the lattice parameter of the
substrate. An application is shown in Figure 8 for sev-
eral Gagglng,As/GaAs multilayers32. The samples have
equal total thicknesses of the multiplayer (t,,, = 800 nm)
and equal thicknesses of the Gagglng,As sublayer
(fGalnas = 18 nm), but they differ in the thickness of the
GaAs spacers. Figure 8 shows the (200) in plane Bragg
peak positions of the samples, measuring the average
value of ay. For the sample with fg.,as = 30 nm, the
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i

measured diffraction maximum corresponds to the
Bragg angle of the GaAs substrate. However, the multi-
layer Bragg angle decreases for decreasing tgaas, indicat-
ing the onset of relaxation of the multilayer. The
cvaluated values of R are confirmed by the out-of-plane
lattice parameters measured by coplanar diffraction; it
shows similar functional behaviour. R increases with
decreasing fg.as- As shown in Figure 9, the multilayer
system behaves approximately pseudomorphically for
thick spacer layers (fg.as = 30 nm) but shows almost
complete relaxation for f < 2 nm.

Figure 10 shows an example of a depth-resolved
measurement of the in-plane lattice parameter from a
multilayer composed by 60 periods of GaAs/Ga; _  InAs
grown on GaAs [001] by MOVPE. From rod-scan meas-
urements and using conventional X-ray diffraction the
individual layer thicknesses were determined to be
12.1 nm and 2.9 nm, respectively. The sample was cov-
ered by a 100 nm-thick GaAs top layer. In order to de-
termine the depth dependence of the lattice parameter
various in-plane scans were recorded as a function of ;.
We used a position-sensitive detector aligned perpen-
dicular to the sample surface. Applying the relaxed in-
plane resolution of a bending-magnet station at BNL 1n
Brookhaven, New York, the PSD records the whole In-
tensity distribution towards g, simultaneously for a fixed
in-plane angle O0z. The top curve (/) in Figure 10
shows the a/—integrated intensity at ;= 2.5a, as
a function of the angular deviation from the in-plane
(200) Bragg diffraction of GaAs. The other curves

show the corresponding intensities from selected
600
500
5 400 S/
3 e
£ 300 d
w
C
9 /
£ 200 .
e
"
100 ./ /
e
0 —
-0.4 -0.3 -0.2

channels of the PSD, i.e. integrated between
O<as<a(l;) (A<10nm) and ea.<a;<2.5a.(l,)
(A > 300 nm). The two diffraction curves peak at differ-
ent values of Op, indicating different in-plane lattice pa-
rameters 1n the top layer and within the multilayer. The
value gy for the GaAs top layer (1)) coincides with the
lattice parameter of the substrate ag, but the multilayer
(1) 1s relaxed. The relaxation does not change abruptly
at the 1nterface between the top layer and the multilayer.
The relaxation profile could be estimated via computer
simulation from the GID curves measured at different
values of a; (ref. 24).

GID enables a very accurate determination of small
in-plane lattice mismatches. This is realized by record-
Ing a¢ scans instead of in-plane diffraction curves. If the
thin top layer and the substrate differ in their in-plane
lattice parameters, both of the corresponding reciprocal
lattice points show separate truncation rods. These can
be measured by a PSD as a function of af and 6;. If the
detector s fixed at the origin of the substrate truncation
rod at sinf;; = A2a, and «; = 0 then for a, < a; the PSD
cuts the other truncation rod, corresponding to a,, at the
position sinf;; = 4/2a, and a; > O (ref. 33). This situation
1s expressed by

Aat = a? cos(20,5)—2(0;; - 0,,)sin(205,). (24)

If both a; and a; are small, a very small angular separa-
tion @;; — ®;; becomes expanded towards the a; axis.
For a; = a. and ®p = 15°, the stretching factor is of the
order of 100.

Figure 10. Depth-resolved evalvation of in-plane lattice parmmeters of a GalnAs/GaAs mulnttayer
system (/2) covered by a 100 rn thick GaAs top tayer (1)), Ly is the measured curve without o reso-

lution,
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Figure 11. a,resolved Bragg intensity of a silicon layer on sapphire. The lattice mismatch is ob-

tained after extrapolation toar=0.

Figure 11 shows several a; scans of a thin silicon
layer sputtered on sapphire, recorded at different in-
plane positions ©;. Both the substraie peak and an inter-
face peak can be clearly distinguished. The peak on the
left always marks the critical angle a,. of the sapphire
substrate; the silicon layer peak 1is not visible. The other
two peaks change on the o scale when the onset angle
of the PSD is changed by ©;. The corresponding lattice
parameters are obtained by extrapolating the respective
a; positions of the two peaks to a¢= 0. Both peaks are
separated by Aay/a = 8 x 107", The presence of the inter-
face peak 1s explained by a very thin aluminium silicate
layer which 1s formed during the growth of the silicon
layer by diffusion of aluminium out of the sapphire sub-
strate.

5.3. Investigation of surface nanostructures

The GID technique possesses a great potential for the
characterization of surface—patterned structures by vir-
tue of its surface sensitivity. If the spacing of the lateral
grating 1s of the order of several 100 nm, the experiment
needs good in-plane resolution in order to separate the
grating side peaks. This is performed by attaching an
analyser crystal in front of the detector (see Figure 3).
Because the intensity of the grating side peaks are sev-
eral orders of magnitude lower compared with any fun-
damental Bragg diffraction, the experiment requires the
use of a wiggler or undulator beamline of a synchrotron
facility. Our experiments have been performed mainly at
the BW?2 station at HASYLAB.

One problem in the characterization of surface grat-
ings iIs the separation of the effect of strain and grating
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shape 1n the X-ray diffraction curve. For cubic sub-
strates and surface wires there 1s a unique possibility for
such a separation34. Assuming a [001] surface and an
alignment of the wires in the [110] direction, grating
truncation rods appear in addition to the rod of the sub-
strate and are aligned in [110] as well. Running an in-
plane scan close to the (220) diffraction, the grating
peaks appear upon rotating the sample across a fixed
detector position. This transversal scan or w-scan keeps
the length of the reciprocal space vector constant and
thus 1t 15 insensitive to strain. All scans performed in
this manner contain unique information about the shape
of the grating. On the other hand, scanning the (220)
diffraction, the grating peaks become visible only by
changing the length of the reciprocal space vector. This
longitudinal scan or w:20-scan measures both strain and
shape.

Figure 12 shows transversal scans of three GaAs sur-
face gratings with D = 250 nm but varied width of the
wires. All scans look very symmetric with respect to the
GaAs Bragg peak marked by Ag. = 0. At selected angu-
lar posttions of grating peaks of sample A we performed
rod-scans, shown in Figure 13. The intensity modulation
along 0, measures the etching depth of the grating; here
it is about 27 nm. The oscillation maximum of the vari-
ous rod scans are shifted against each other. This phase
shift reflects the trapezoidal shape of the wires. In the
present case, the inchination of side planes is close to
[111]. Figure 14 displays several longitudinal scans of
sample A recorded at different ;. Even for larger pene-
tration depths, it looks no more symmetrical due to the
influence of lattice relaxation induced by a 4.4 nm thick
Ing 14GagseAs quantum well embedded within the wires
at about 15 nm below the wire surface. Induced by the
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Figure 12. Transverse scans recorded across the (220) diffraction of three surface nanostructures
with different wire widths.
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Figure 13, Grating rod intensities recorded at selected peaks of the  Flgure 14. Longitudinal scans across the (220) diffruction of sample
transverse scan of sample A shown in Figure |2, A trecorded at different penetration depths,

CURRENT SCIENCE, YOL. 78. NO. 12, 25 JUNE 2000 1493



SPECIAL SECTION: SURFACE CHARACTERIZATION

e S——r—

10°+ (_2_20)

intensity (a.u.)

-3.140

3.145
g (1/A)

Figure 15. a, Strain insensitive transverse and b, strain sensitive longitudinal at different «;, scans of a surface wire structure

covered by an additional MBE step.

process of etching, the pseudomorphic constraint loos-
ens and the lattice becomes slightly relaxed near the
quantum well. The relaxation corresponds to a lateral
mismatch of Aaqy/a = 3 X 107 (ref. 35).

The fitting of the curves has been performed in terms
of a semi-kinematic approach of the DWBA developed
by Baumbach and Gailhanou® for multilayer gratings.
Qualitatively 1t contains similar relations as shown in eq.
(16). Meanwhile, this approach is well adapted for GID
experiments” .

Finally we will show that GID is most meaningful for
the characterization of buried surface gratings. For rea-
sons of improving the photoluminescence yield, artifi-
cial surface nanostructures are overgrown by a material
with a nearly similar lattice parameter as the substrate.
After the overgrowth, the sample surface 1s completely
smooth. Verified by AFM inspection, no periodic
modulations remain. Nevertheless, the buried surface
grating induces the formation of a periodic strain
modulation within the overlayer which can be identified
by using X-ray methods***. Figure 15 shows a trans-
verse and several longitudinal scans of a similar grating
structure discussed earlier after a MBE overgrowth with
about 40 nm of GaAs. Whereas the longitudinal scan
displays remarkable grating peaks which change their
intensity when changing A, the transverse scan does not
exhibit such grating peaks. Both sets of curves can be
understood by the disappearance of the density modula-
tion but existence of a strain modulation within the
overlayer as mentioned earlier. In the present case the
X-ray data were used to adapt the parameters of a model
structure compiled in terms of a finite element calcula-
tion of the 3D strain distribution in such structures. The
fit results were used to interpret the strain-induced shift
of the PL energy of similar samples®’.
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It should be noted that very recently GID measure-
ments have been made on artificially structurized™ as
well as self-organized*'™ quantum dot arrays. A de-
tatled discussion of these experiments is out of the scope
of this article.
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