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X-ray diffraction from laterally structured surfaces: Total external reflection
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In this work x-ray-diffraction measurements from GaAs surface gratings are presented. The experi-
ments were performed using a three-crystal diffractometer. Measurements in the region of total external
reflection (small incidence angles) for five samples were done and compared with model calculations
based on a dynamical scattering theory. The theory is able to explain all experiments quantitatively.
Mesoscopic grating parameters as well as microscopic surface roughnesses of the samples were obtained
from fits of the data. For three samples scanning-electron-microscope pictures were taken. The analysis
of these pictures leads to the same mesoscopic parameters as obtained from x-ray diffraction.

I. INTRODUCTION

It is well known that x-ray diffraction becomes surface
sensitive in the case of small incident angles (for a review,
see, e.g., Ref. 1). The real part of the refractive index is
slightly smaller than 1 and therefore total external
reflection occurs at grazing incidence angles.? In this re-
gion the penetration depth of the incoming waves is rela-
tively small and the scattered intensities mainly contain
information about the structure of the near-surface re-
gion. X-ray diffraction, in particular x-ray reflectivity, is
able to yield a density profile of the sample in a nonde-
structive manner. In contrast to crystal-truncation-
rod®>™5 investigations near Bragg reflections, total-
external-reflection measurements are not sensitive to the
crystalline structure of the surface or bulk material.

The x-ray reflectivity of a layer system is described by
the well-known Parrat formalism including the effect of
total external reflection which is based on the solution of
a simple recurrence relation.®”!* In the case of rough in-
terfaces, the recurrence formula is modified depending on
the particular roughness distribution perpendicular to the
surfaces.'* 18 Additionally, the roughness causes non-
specular scattering (so-called diffuse scattering) which
contains information about the lateral structure of the
surface. Many works have focused on this topic within
the last six years and great successes in explaining the
data have been achieved.® 16726

By slicing an arbitrary density profile into many uni-
form thin layers of constant electron density, the Parrat
formalism is also able to give the reflectivity for more
complex systems (see, e.g., Refs. 12 and 13). Bahr et al.’
and Lurio et al.?” clearly show that x-ray reflectivity is
an extremely sensitive tool for investigating the particular
shape of the density profile of a thin film perpendicular to
the surface.

In this work, x-ray-diffraction measurements within
the region of total external reflection from laterally struc-
tured surfaces (i.e., surface gratings) are presented. These
samples contain mesoscopic length scales parallel and
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perpendicular to the surface (lateral periods in the range
of micrometers, heights of about 0.1 um) as well as mi-
croscopic length scales (roughness). Furthermore, these
gratings can be regarded as a particular “‘rough” surface
with some enhanced Fourier components.

Previous work concerning x-ray diffraction from la-
terally structured surfaces was done by Aristov
et al.,?®* % Macrander and Slusky,’! Tapfer et al.,3*3*
van der Sluis, Binsma, and van Dongen,’* Gailhanou
et al.;’> Shen et al.,’® Holy et al.,’” and Tolan et al.®
All these papers deal with the influence of crystalline
mesoscopic surface gratings on the diffracted intensities
in the vicinity of Bragg reflections. Therefore dynamical
scattering theory can be avoided in almost all cases and
the simple kinematical Born approximation is valid (a
nice example of effects which cannot be explained within
the Born approximation is given in the work of
Gailhanou er al.?®).

But in the region of total external reflection, multiple-
scattering effects are dominant and the kinematical ap-
proach is not valid. Unfortunately, it is not possible to
adopt the distorted-wave Born approximation (DWBA),
introduced by Sinha et al.!” to describe the diffuse
scattering from a rough surface, to surface gratings be-
cause these structures cannot be treated as a small pertur-
bation of a smooth surface. Also, the existing theories
for longer wavelengths of the incident radiation (i.e., soft
x-rays up to visible light; for a review, see Ref. 38) are un-
able to describe the scattering from laterally structured
surfaces because approximations and assumptions were
used which are not valid for hard x rays.

Therefore we have developed a dynamical theory for.
x-ray diffraction from mesoscopic surface gratings. This
theory is able to describe our measurements quantitative-
ly. Mesoscopic parameters of the particular surface con-
tour and microscopic information like the surface rough-
ness can be obtained from fits to the data. A short ac-
count of this topic was already given in a recent paper.*

The present paper is structured as follows. After the
Introduction the samples are described. Next the dynam-
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ical scattering theory for rough, arbitrarily shaped, la-
terally structured surfaces is shown. Then a brief
description of the setup of the three-crystal
diffractometer (TCD) follows. After that the measure-
ments as well as the fit results are presented in detail.
Conclusions and an outlook finish this paper.

I, SAMPLES

The samples which were investigated are five
GaAs(001) surface gratings. They were prepared with
photolithographic methods. First a layer of photoresist
was deposited on top of the molecular-beam-epitaxy
(MBE) -grown GaAs(001) surface. Then a laser interfer-
ence pattern defines the lateral structure. Finally the ex-
posed parts were wet etched with a 20:1:1 H,0-H,0,-
H,S0, solution and afterwards the photoresist was re-
moved from the surface (for details, see Refs. 40—43).
Figure 1 shows schematically a sketch of such a grating.
A scanning-electron-microscope (SEM) picture yields a
symmetric trapezoidal shape of the surface contour with
well-defined bars of length s and grooves of length g.

- Whereas the lateral grating period d only depends on
the laser wavelength and the interference angle, the other
parameters strongly depend on the etching process. In
particular, the gratini height A can be estimated with the
etching ratio =50 A/s and the respective etching time
fercn tO h ~letch-

After the x-ray measurements three samples S1, S2,
and S4 were cleaved and investigated with a SEM to
compare the x-ray results with the directly observed grat-
ing pictures. Table I shows the parameters of the sam-
ples S1-S5 which were known from the preparation
processes and the SEM pictures. A quantitative compar-
ison of these pictures with the x-ray results is given in
Sec. V.

In the soft-x-ray range surface gratings are used as
monochromators (see Refs. 44 and 45) whereas etched
surface contours like Fresnel lenses are used as optical
elements to focus hard x rays.“®*’ The surface gratings
which were investigated in this work are prepared quite
similarly to those employed to create low-dimensional
quantum systems by etching*® or direct growth on pat-
terned substrates.** With the technique described above,
one-dimensional (quantum wires) as well as zero-
dimensional (quantum dots) quantum systems can be real-
ized and the electronic properties of such systems were
the topic of many research works in recent years (see, for
example, Refs. 42, 43, and 50-52, and references therein).
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FIG. 1. Sketch of a symmetric trapezoidal surface grating
with the width s of the bars, the width g of the grooves, the
width b of the intermediate regions, the grating period d, and
the height A.

But in the present work concerning surface x-ray scatter-
ing under total-external-reflection conditions only the
geometrical structure is of interest,

IIl. THEORY

In this section the dynamical scattering theory for la-
terally structured surfaces will be presented in detail.
Throughout this paper the following notation is used.
The wave vectors of the incident and diffracted x-ray
beam are k; and k, with k; =k;=27/A and the momen-
tum transfer q is defined by q=kf—k,-=(qx,qz)T. The
scattering plane is the (x,z) plane (y denotes the out-of-
plane direction), and #; and &, are the incident and exit
angles, respectively, of the x-ray beam.

The function f(x) describes the shape of a one-
dimensional surface grating and has to fulfill the condi-
tions 0= f(x)<h and f(x)=f(x+d) with the meso-
scopic grating height 4 and the lateral period d. Further-
more, the region above the grating, i.e., z> f(x), is
denoted by R, and R _ is the region below the surface
structure (z <0 is the bulk region). Due to the fact that
f{x) does not depend on the coordinate y, all fields are y
independent and therefore only two-dimensional vectors
r=(x,z)T, and k=(k,,k, )T need to be used in the follow-
ing.

gIn the case of small incident angles ; and fixed wave-
length A (here always A=1.54 A) the refractive index n
can be expressed by the simple relation n=1—(8+if)
with the optical constants 8§ (dispersion) and S (absorp-
tion). For hard x rays 6 and f3 are positive quantities but
for many common semiconductors their magnitudes are
only of the order of 107 and 1077, respectively. The

TABLE 1. Preparation parameters of the samples S1-S5. The height h was estimated from the
etching ratio in the z direction r ~50 A/s and the etching time £,

d h~rtue Sample size
(A) (A) (mm?) __ SEM
51 15 500 ~1500 7X5 well-defined grating
S2 15500 ~ 1500 X5 strongly varying parameters
S3 15500 ~2000 7X7 no SEM picture
S4 5900 ~ 500 6X6 well-defined grating
S5 5900 ~ 1000 6X6 no SEM picture
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precise values for A=1.54 A and bulk GaAs are
8=14.45X107% and B=4.95X10"". The critical angle
of total external reflection ;=128 is #,=0.307" for
bulk GaAs. The dispersion & as well as 3 are proportion-
al to the electron density p of the examined system.
Therefore x-ray-reflectivity measurements within the re-
gion of total external reflection are sensitive to the densi-
ty profile. For laterally structured surfaces the refractive
index n depends not only on z (direction perpendicular to
the surface) but also on the in-plane coordinate x. In par-
ticular, one gets

1 for (x,z)ER.
n(x,z)= . (0
1—(8+ipB) for (x,z)ER . .

Let us now suppose that an electromagnetic wave with
field vector

E( i) =Eoe iwt —kil‘)

, ki =(ky, k;)T=(k; cosd;, k; sind; )T,
illuminates the surface contour f(x) of the sample. Then
the diffracted field E® within the region R, is
E9=E—E"Y where E denotes the total field. For the
transmitted field B'” in the region R the condition
E'"=E simply holds. Equivalent expressions can be ob-
tained if the magnetic field vectors H%*? are considered.

In the following, only the particular case
Eo=(0,E0y,0)T is investigated (s polarization). For hard
x rays the Fresnel formulas become independent of the
polarization of the incident radiation and the difference
between the s and p cases is negligible.®

From now on the letter F denotes the y component of
the electric field and the subscripts (d), (i), and (¢) mark
diffracted, incident, and transmitted fields. Then, after
separating all time-dependent factors from the Maxwell
equations, the Helmholtz equation for F'** can easily be
extracted (see, e.g., Ref. 38):

AF'SI 40 x, 2k F40=0 , @

with the refractive index n(x,z) given by Eq. (1). The
fields F'9 and F'? as well as their derivatives d /dfi nor-
mal to the surface must be continuous on the grating, i.e.,
the following boundary conditions must be fulfilled:

F'O%, F(xN+Fx, f(xN=Fx,f(x)), 3)
dF(d) dF(i) . dF(t) @)
di |,mjy AR iz dR o=

Additionally the solutions of Eqgs. (2)—(4) have to vanish
for z— — o (absorption within the semi-infinite bulk)
and they must be plane waves for z— + « (no influence
of the surface structure).

Due to the periodicity of the function f(x) the fields
can be expanded into a Fourier series

—ik
F(d,t)=2 t,(nd"’(z )e Km* , (5)
m

with k,,, =k§j —2K,,, K,,=mw/d (m integer), and the
coefficients /% "(z).
Inserting the expansion (5) into Eq. (2) yields for the re-

gionz>h
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F(d)(x,z)=2Bm<I)m(x,z) R (6)
m
with outgoing plane waves
q)m(x’z)=e—i{kxmx+kzm(z—h)} ‘ D

Within the region z <0 a similar expansion for the
transmitted field is obtained:

F9x,z)=3 BP®P(x,2), (8)
m

—i O

ilk,, x—k, (z—h)} ) ©9)
The z components of the wave vectors of the diffraction
orders m are given by the terms k,,, =(k2—k2, )1/ and
kD =(n'k2—k2,)!/?, respectively. The transmitted
waves given by Eqgs. (8) and (9) are all exponentially
damped. Double-diffraction effects as described by
Gailhanou et al.,*> which take into account that the
stepped surface acts simultaneously as reflection and
transmission grating, were not observed in our experi-
ments with the GaAs samples (see Sec. V). Therefore the
transmitted orders need not be considered in all further
calculations.

Equation (6) is the so-called Rayleigh expansion of the
field above the grating.?> In addition to the specular
reflected beam (m =0) nonspecular diffraction orders
(m70) with wave vectors kg, =(k,,,k,, )T are ob-
tained. From the definition of k,,, and k,,, follows the
well-known grating formula for the diffraction angles

®!(x,z)=e

19'fm2
d(cosd; —cosdp, )=mA . (10)

Note that only diffraction orders m fulfilling the condi-
tion k2, <k? yield measurable intensities. All other or-
ders lead to “evanescent waves” which are exponentially
damped inside the sample and propagate parallel to the
surface. Figure 2 explains this schematically. The inten-
sities I, of the diffraction orders can be obtained by cal-
culating the Poynting vector

m=3 krm
x m=2
m=1
k; m=0
m=—1
vy 2\ V¢m | evanescent waves

X T — —_
SRR 4 3 st
!5 0 5 2

SRR SRBTCIR

XX SRR

QRS ERRAE,

FIG. 2. By a periodic surface grating an incoming x-ray
beam is also scattered in nonspecular directions (diffraction or-
ders m+0). The evanescent waves are exponentially damped in
the z direction and therefore they propagate parallel to the grat-
ing surface.
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sind
2——fn SRR ¢ 5

In =18 05,

m =B
In particular, |Bg[? yields the reflectivity of the sample.
The real problem in calculating the diffracted intensi-
ties is the region 0 <z <h. Rayleigh has made the as-
sumption, the so-called Rayleigh hypothesis,*® >3 that the
field F'¥(x,z) given by Eq. (6) is valid for all (x,z)ER 5
The same assumption is made for the transmitted field
F'9x,z) and the solution given by Eq. (8) is extended to
the whole region R .. If the Rayleigh hypothesis is valid
the coefficients B,, and B,(,f) can be calculated by inserting
the fields (6) and (8) into Eqgs. (3) and (4). Then after di-
viding the interval [0,d ] into 2M +1 points a linear sys-
tem of equations for B,, and B follows, which can easi-
ly be solved up to the order M (for details, see Ref. 38).
Unfortunately, numerical tests show that the Rayleigh
hypothesis seems to be invalid for the problem discussed
in this work. In the case of hard x rays shadowing effects
(i.e., absorption effects) must be considered (note that
A/R~107°, A/d~107% and h/d ~0.1). These effects
were neglected by making use of the Rayleigh hypothesis.
Furthermore, the work of Maystre and Cadilhac®®**
shows that in general it is not easy to decide if the Ray-
leigh hypothesis is valid or not.
* Therefore we calculate the coefficients B,, in a different
way. After some mathematics (for details, see Refs. 38
and 55) the following integral equation for B,, is ob-
tained:

1
B = Ziar,.,

f (F(d)+F(i))>d m>.
fx) di
d(F@+ ity
"> di
Here ®,, is an outgoing plane wave with wave vector k,,
and the overbar denotes that the complex conjugate
quantity has to be chosen. The index ““>” means that
the respective limit from the region above the grating
(i.e., from R . ) must be taken and the integral has to be
performed over the shape f{(x) of the surface. Of course,
Eq. (12) is not the solution of the whole problem because
the fields F'4? as well as ®,, are not known on the grat-
ing surface. Therefore we have to make an approxima-
tion to solve the problem. In zeroth order averaged fields
on top of the grating have to be assumed. These fields
" will be inserted into Eq. (12) to obtain the intensities of
the diffraction orders.

A surface grating function f(x) with a flat region of
width s and f(x)=h (“bars”), another flat region of
width g with f(x)=0 (“grooves”), and two intermediate
regions of widths b; and b, will now be assumed
(d=g+b,+s+b,). The explicit form is given by [see
also Fig. 3(a)]

ds . (12)

0, 05x<g

Sfilx), g<x<g+b,
FCI=\h, g+b,<x <d—b,

fyx), d—b,<x<d

(13)
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with arbitrary functions f;(x) and f,(x).

To obtain the zeroth-order approximation the electron
density p(x,z) is averaged over one grating period, i.e.,
the lateral structure is replaced by a density profile,
plz)={plx,z)), [Fig. 3(a)] with

0 forz>h

_ i) —friz

= 1Poulk d for OSZ S h

(14)

Poulk for z<0 .

Here py,y denotes the electron density of the bulk. The
averaging process described by Eq. (14) is only justified if
the spatial extent of the coherently illuminated area of

p(x.2)
1 h
z . £ f{x)
\ a . . ‘)X.
£ g | b | s [g]

?ﬁji A {} <elun)>

1 P(z)
s+bitb,

0 h

FIG. 3. (a) Smooth surface grating f{x) with flat regions s
and g =d—b,—b,—s, respectively, and arbitrarily shaped in-
termediate regions b;, given by the functions f),(x). The
two-dimensional density p(x,z) is transformed into a one-
dimensional averaged density function p(z) (density-profile ap-
proximation). (b) Rough surface grating with the rms
roughnesses o, and o, of the bars and grooves. Note that now
the density profile p(z) is more rounded at the z coordinates
z=0and z=h.
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the sample if much larger than the lateral periodicity d.
An analysis of the respective coherence lengths shows
that within the region of total external reflection this as-
sumption is always valid (for details, see Refs. 55 and 56).
Throughout this paper we will call the approximation
given by Eq. (14) the “density-profile approximation.”

From Eq. (14) a mean refractive index profile n(z) fol-
lows:

n(z)={n(x,z)),

1 forz>h
= 1—(6+iB) 2% for 0<z<h (15)
Phoulk

1—(6+iB) for z <0

with the optical constants 8 and 8 and the refractive in-
dex n=1—(8-+ipB) of the bulk material (in this work al-
ways GaAs).

Now the zeroth-order approximation for the fields
within the region 0 <z < h, which are needed for calculat-
ing the coefficients B,, by inserting them into the right-
hand side of Eq. (12), are

F(d)(x,z)=R (Z)e—i{kxlx+kz(z)(z——h)] , (16)

Fm(x’z)=T(z)e—i{kxix—kz(z)(z—h)} , 17

with the z-dependent k, components
=k; V' n*z)—cos?d, , (18)

and two coefficients R(z) and T(z). These coefficients
can be calculated using the well-known Parrat formalism’
because the derivatives d /dfi in Eq. (4) can be replaced
by 9/0z. The profile p(z) is divided into N parts of con-
stant electron density with the thickness e=h /N. Fur-
thermore, the continuous variable z is replaced by z;=je
with the integer j (j=0 is the bulk and j=N-+1 de-
scribes the vacuum region). With the condmons (3) and
(4) the following recurrence formula is derived:®

_Z'kzj(zj h)

k,(z)

1(zj—h) 7’}._}_1’] +Xje

Ry eztk,j+ »
—2ik, (z;—k) °
14744, ;X e /

(19)

Here R;=R(z)), T;=T(z;), k; =k,(z; ), and the Fresnel
coefficients of one (smooth) interface
7j+1’j=(kzj+1_kzj)/(kzj+l+kzj)

were introduced. The starting point of the iteration is
R{0.)=R;=0 (the index “<‘ means that the limit has
to be calculated from the bulk region, i.e., for z— —0)
and therefore X, =0 because the substrate is assumed to
be semi-infinite. Since TN_H—T(h +e)=T(h, )=1 (the
amplitude of the incident wave is 1 for z>h) the ampli-
tude of the reflected wave Ry .;=R(h+e)=R(h,) can
be obtained.

In contrast to the usual procedure for layer systems,
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for surface gratings all other amplitudes R; and T; must

also be calculated and afterwards inserted into the in-

tegral of Eq. (12) to obtain the coefficients B,,. The con-

ditions (3) and (4) lead to the following equations for R;

and T;:

ik, +k,  Nz;—h)
j+1

{ Fii+1@
’J,j+1

ik, —k, )(z]—h)
+Rj+1e J J+1 } ) (20)

1 —ilh, ~k, )z;—h)
Tj=——{Tjxe 7' 7
—itk, +k, Mz, —h)

A A } , @2n
Wlth]_N""l RN+1“'R(h ), and TN+1 T(h )=1 as
start points and the Fresnel transmission of one (smooth)
interface ; ; =2kz] /A kzj + kzj+1)‘

The field ®,,(x,z) also has to be replaced by an aver-
aged field within the region 0=<z=<h. By definition
®,,(x,z) should be the solution of the Helmholtz equa-
tion (see, e.g., Ref. 38)

AP, (x,z)+n%x,2)k}®,,(x,2)=0, (22)

+F 1R 418

and additionally ®,, and d®,, /df have to be continuous
on the surface z = f(x ) of the grating.

Within the density-profile approximation, n(x,z) in
Eq. (22) has to be replaced by {(n(x,z)},=n(z). Since
n(z)=1 for z > h one obtains

O(x,z)=exp{i[kpx +k,,(z—h)]}

[see Eq. (7)]. This plane wave describes a “tlme-reversed
state” with wave vector —Kkg, =(—ky,, —k.m 7T (see
Refs. 17 and 23). It is one possible final state for the
scattering of the incident plane wave F'(x,z). Note that
these final states for m=~0 exist in the case of a laterally
structured surface. For uniform smooth layer systems
only specular reflectivity is allowed.

__ Again, using the Parrat formalism yields the field
®,, (x,z) within the whole region 0 <z <h. Therefore the
following ansatz is chosen:

B, (x,2)=Bp(x,2)+Pgr(x,2), (23)
with

aT(x,z)=T¢m (z)ei{kxmx+kzm(z)(z—h)} ’ 4)

61; (x,z)=R§,m (z )ei[kxmx—kzm(z)(z-—h)} ’ 25)

and the z components of the wave vectors
kon(2)=VEk?n%z)—k2,, ko=k,(z). (26)

The amplitudes of the incident and reflected fields
To,, (z) and Rg (z), respectively, must be calculated

w1th the recurrence relations (20) and (21). But now k,
has to be replaced by kz m =km(z;) in all Egs. (19)-Q21).
The start of the recursmns for Ty (z) and Ry (z) is

=N+1, T¢ (h )_Td’ N+1~1 aﬂd Rq,m(h))
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=R¢ w~+1=0, because no reflected time-reversed state
e

exists for z >k [see the Rayleigh expansion, Eq. (6)]. In
this case Eq. (19) is not necessary.
Inserting all these fields into the right side of Eq. (12)

2

—iK,g |1
B, =e ;— %

ki
i+

kz(g)
(K +kD)

sin(K,,g)
K,d k,,

+7(0,)

—(k 8 +k")Rg (0, )e

+

2k p xm(z)dz] .

Here the expression in the brackets { - - - } is given by
{lk,(2)+ Ky (2)+ 8, (D) UF' DD ),

— [k (2)+kyp(2)—8, (2)(F Dy ),

A+ [k (2)—kyp (2)+8, (2)[(F9PB),

— [k, (2)— by (2) =g, () (FPD ), 1}, (28)
with the abbreviation g,,(z)

&= D) K2) @9

A dot over a quantity means the z derivative and the no-
tation ( - - - ), is an abbreviation for the z-dependent part
of the term within the parentheses, e.g.,

—ifk (2)—k,, (2)}{z—h)

(F9%® 1), =R(2)Ty (2)e

Furthermore, the function ¥,,(z) is defined as follows:

, —i Tz
Xm(z)=f1—1(z)e K;,.,{lfl (z)+g}

+f_1(z) iK {2f2 (Z)+g]

(30)

Also the special k values
k;gx)=kzm(0> )= {kizn 2(0> )—kfm } 12 s
n(0,)=1—(8+iB)s+b,+b,)/d ,
K=k (0,)=kp ,

and

k=K, (0, )—-—k (n?—cos?d;)!/?

were used in expression (27).
An important test of the result (27) is its asymptotic
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kzi
R(h )+ l—a (—1)™

(k8 =k To (0, )e

and assuming a grating function f(x) given by Eq. (13)
yields after some mathematics the following expression
for the coefficients B,, of the Rayleigh expansion

(K,,=mmu/d):

sin(K,, s}
K,d

o " Em(b1=02)

— k8 (g}
{8+ 8
—i(k8—

kz‘g,’)h]

27

behavior for rather large incidence angles (this means
4;>>4,). In this case the kinematical approximation is
valid and (27) has to yield the same expression as given in
Ref. 5. If Eq. (27) is expanded in the limit 4, >3, one
obtains (for details see Ref. 55)

3;>>48, kz,- kzm_kz(t)

B —_—
™ Kum iyt k(D

‘;li"fde_lq f(x) 2iKmxdx 61

with g, =k, +k,.

Equation (31) equals the result of the kinematical
theory: The amplitudes of the scattered waves B,, are
proportional to the Fourier coefficients of the function
exp{ —ig,f(x)}.> Of course, the prefactor in Eq. (31) does
not describe the decrease of a truncation rod in the vicini-
ty of a Bra §g reflection. It correctly describes the well-
known ;" decrease of the reflectivity given by the
Fresnel formu_las. 12,13

But the expressions (11) and (27) are not suitable to ex-
plain x-ray-diffraction data from laterally structured sur-
faces quantitatively. The surface roughness as well as
fluctuations of the mesoscopic grating parameters (in par-
ticular, fluctuations of the height 4 ) have to be taken into
account, too.

Now we assume a surface grating with rough bars and
grooves and arbitrary intermediate regions [see Fig.
3(b)]. Both roughnesses are described by a Gaussian ran-
dom distribution (i.e., an error-function density profile)
with rms roughnesses o, on top of the bars and 0, in the
grooves, respectively.

The coefficients B, can be calculated by averaging the
integrand of Eq. (12), which means

f([

*le=fior+asi 4% (32)

Br= 2dk

with a random deviation §f(x) from the mean shape
f{x) of the surface grating. This leads to the result
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with the roughness coefficients

—tk tk, Polr2
r“gi):e A A (34)

_(k(x):tk(g))Z 2/2
i =g T (35)
To include the roughnesses into the recurrence relations
(19), (20), and (21) the smooth Fresnel coefficients must be
replaced by the rough ones.”!>%%% This is done by the
substitutions
=2k, k (h)o?

Pyry—Fvsne © T,

- - +lk,—k ()02 /2

yv+1—>tvv+e © 0 T,

_Zk(g)k(t) 2
Fro—Fi0e  ° ° %,

- - +[k(l)_k(g)]2a,2/2
t0’1—>t0,le z z 8 ’

with
k (h)=k;{nY(h)—cosd;}!/?

and n(h)=1—(8+iB)s/d. It will be assumed that all
other coefficients 7, ; and 7;; ., are not affected. The
field ®,, can be calculated in the same manner for rough
bars and grooves (k, —k,, and different starting points
of the recurrences).

Note that Egs. (33) and (11) do not describe the
diffusely scattered intensity between the diffraction orders
which is caused by the lateral structure of the surface
roughnesses.!” Due to the fact that a mesoscopic grating
cannot be treated as a small perturbation of a flat surface,
the DWBA fails if the eigenfunctions of a smooth surface
are assumed. A calculation of the diffuse scattering cross
section within the DWBA using the solution (27) as
eigenfunctions is very difficult and was not done in the
present work. °

In principle, it is also possible to calculate the intensi-
ties of the diffraction orders within the DWBA using Eq.
(27) as the averaged solution of the system. Then the
grating structure acts as a perturbation of this averaged
potential. Recently Baumbach et al.5’ have calculated
the DWBA using this ansatz up to second order. An ad-
vantage of this theory is the inclusion of double-
diffraction effects (see Ref. 35). But the disadvantage of
the DWBA is that the total intensity (i.e., the energy) is
not conserved,'”*® whereas the Rayleigh expansion au-

tomatically fulfills this condition.

[

It turns out that not only the roughness of the bars and
grooves but also fluctuations of the grating parameters
have to be taken into account to explain the x-ray data
quantitatively. Here, mainly fluctuations of the height A
are of importance whereas fluctuations of the other pa-
rameters cannot be distinguished from the roughnesses.
This does not hold for the lateral period d because a fluc-
tuation of this quantity would cause a significant
broadening of the nonspecular diffraction peaks. Howev-
er, from the preparation process (see Sec. II) and the x-
ray data it follows that the lateral period d is well defined
and only fluctuations of s and b, , may occur.

Now it is assumed that the height A itself fluctuates
around a mean value 7 with a probability density w(h).
Then the measured intensity I,,(#) is the convolution of
I, (h)and w(h):

L,(B)= [ 1 (hwE—h)dh . (36)

Therefore fluctuations of the grating height 4 and a bad
g, resolution 8, of the diffractometer act in the same

way: both effects are the reason for a damping of modu-
lations in the g, direction which are caused by interfer-
ences of scattered waves from the bars and the grooves of
the grating. In the data analysis the resolution qu,ﬂt was

chosen as a free parameter and the ratio 8, 4 /8, is a
z? z

measure for the height fluctuations. For reasons of sim-
plicity the distribution w(k) was always assumed to be
Gaussian.

Thin oxide layers within the grooves and on top of the
bars of the surface structure can simply be included into
the calculations via the recurrence relations (19)—(21).

Furthermore, the theory presented above assumes a
grating which covers the whole illuminated area of the
sample surface. Due to the very small incident angles the
x-ray beam also impinges on areas without a grating
(especially at the edges of the samples). If € denotes the
fraction of the surface without a grating, the total
reflectivity I ; can be calculated in the following manner
(incoherent addition of the scattering contributions):

2
t
ky—k® gk king?

2, 37)
eyt

I =(1—¢)|By|*+e

Due to the preparation of the surfaces it is assumed that
the roughness of the nonstructured regions equals the
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roughness o of the bars. Note that only the reflectivity
is affected by regions without a grating. The intensities of
the diffraction orders (m0) stem from the grating and
therefore they need not be modified. In principle, an ox-
ide layer has to be included into the second term on the
right-hand side of Eq. (37), too. But it turns out that
€ <7% is always valid and mainly the region of the inten-
sity dip (see the end of this paragraph) is affected by this
correction. Finally, a footprint correction of the theoreti-
cal curve using the factor G(¢;)=(I/B)sind; for in-
cidence angles &; <., =arcsin(B /I) was done (with the
length [ of the sample and the width B of the beam).

Figure 4 shows the calculated reflectivity (m =0) and
the intensities of the first two diffraction orders (m =1,2)
for a trapezoidal-shaped GaAs surface grating with a la-
teral period d=15000 A, a grating height A =1500 A,
and the other parameters s =4000 A, b, =b,=1500 A,
and g =8000 A (see Fig. 1). In the calculation imperfec-
tions such as those mentioned above were not taken into
account. The angle &, was set to 1°. The dashed line in
Fig. 4 is the reflectivity of a single vacuum-GaAs inter-
face. The reflectivity of the surface grating shows a dis-
tinct dip before the critical angle d. of total external
reflection of the bulk material (here 9,.=0.307°). This
dip at the position 9% ~0.16° can be explained qualita-
tively using the density-profile approximation. The struc-
tured surface acts like a system with a layer of smaller
density on top of a denser bulk material (see, e.g., Refs. 9
and 60). Since the critical angle is proportional to the
square root of the density, the critical angle 4} of the
averaged grating structure can be roughly calculated us-
ing the formula 4% =8,V's/d. Inserting the values for s
and d yields 9} =0. 16° which equals the number obtained
from Fig. 4.

The oscillations in the region ; > 3* are caused by the
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grating height. The curves for m =1 and 2 are qualita-
tively of the same structure as the reflectivity. They show
the intensities of the respective diffraction orders for
different incident angles [see Eqs. (10) and (11)]. But
now k,,,(z) is different from k,(z) and therefore Eq. (27)
yields more complex interference terms (for details, see
Ref. 55).

The experiments, in particular the measurements with
the samples S'1 and 53, will confirm the presented theory
(see Sec. V). First a brief description of the experimental
setup is given.

1IV. EXPERIMENTAL SETUP

The x-ray experiments were performed using a 12-kW
rotating-anode generator (Rigaku Ru 200) with copper
target and a three-crystal diffractometer (TCD).%'% Fig-
ure 5 shows the setup. The x rays were collimated by slit
1. Then a Si(111) monochromator selects the characteris-
tic Cu Ka lines from the spectrum. Slit 2 only picks out
the Cu Ka, line with a wavelength of A=1.54056 A,
which impinges onto the sample. The sample is mounted
on a two-circle goniometer with an accuracy of the step
motors of 0.0005°, which controls the incidence angle &;
and the scattering angle ®=d,;+,. The detector unit
contains a Si(111) analyzer and a NaI(Tl) (Canberra) scin-
tillation counter. Vacuum tubes as well as lead shields
around the system were installed to increase intensity and
to reduce background radiation. ’

A TCD was used for the experiments because the
mesoscopic length scales of the surface gratings in the x
and z directions (d ~1 pm, A ~0.1 um) requires high
resolution in the g, and g, directions of reciprocal space.
The Iql-dependenot resolution of the given TCD isé1-62
8, =2.9X107* A7! and 8, =3.2X107* A7! for a
momentum transfer of g,,=0.043 A~! (g, =2k; sind,
with the critical angle . of GaAs). These values were
used to fit our data. Note that the g, resolution is a free
parameter in our fits to take the height fluctuations into
account and that these height fluctuations are described
by the ratio qu / qu,m [see Eq. (36)].

V. MEASUREMENTS, RESULTS, AND DISCUSSION

* In this section the measurements and the result of the
fits are presented. In the following a symmetric trapezoid

Q

monochromator
slit 1

two—circle goniometer

FIG. 4. Calculated reflectivity (m =0) and intensities of the
first two diffraction orders for a symmetric trapezoidal-shaped
surface grating (solid lines) with parameters d=15000 A,
h=1500 A, s=4000 A, b, =b,=1500 A, and g=8000 A. No
imperfections were assumed. For comparison also the
reflectivity of a nonstructured smooth GaAs wafer is shown
(dashed line).

1
0.0 0.2 0.4 0.6 0.8
¥; (deg)

x—ray tube

- - P 40 cm

FIG. 5. Experimental setup. A three-crystal diffractometer
with Si(111) monochromator and analyzer crystals was used for
the x-ray measurements.
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TABLE II. Results of the fits of the data concerning sample S1. The groove width g can be easily
calculated with g=d —s —2b. If no error bars are shown the respective parameter was fixed and the
symbol ~ means that the values of these parameters can only be roughly estimated from the calcula-

tion. The detector scan was performed at &, =0.13".

Detector scan

Reflectivity (A) First diff. order

d 15400 A 15 400+150 15400 A
s 4100150 A 4100 44001200 A
b 18004100 A 1800 2200+200 A
h 1480+50 A 1480 150050 A
o, 1241 A ~15 14+3 A
oy 3543 A ~40 31£5 A
€ (2.040.3)%

8g,.1/By. 1.540.2 3.5+0.5

(by=b,=b) was always assumed as the shape of the sur-
face grating. In a short previous paper the specular
reflectivity was discussed for sample $1.* The parame-
ters of the best fit are given in the first column of Table
II. The period d=15400 A was obtained from off-
specular detector scans using the grating formula (10). A
fit of the intensities of four diffraction orders using Eq.
(33) and the values of s, b, and 4 obtained from the
reflectivity yields beside the grating period independent
estimates of the roughnesses o, and o, (see second
column of Table IT and Ref. 55).

Figure 6 shows the measured intensities (triangles) of
the first diffraction order (m =1) together with the fit of
the theory presented above (solid line). Because the satel-
lites are sharp resolution-limited peaks this curve was ob-
tained by performing detector scans over the maximum
of the first diffraction order for the respective incidence
angles ;. For clarity the reflectivity is also shown in Fig.
6. The parameters which were obtained from the fit of

8
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FIG. 6. Intensity of the first diffraction order (m=1) for
sample S1 dependent on the incidence angle ;. The triangles
represent the measurement and the line is the best fit using the
theory given in the text. For comparison the reflectivity (m =0)

18 also shown (open circles).

this curve are presented in Table 1I, too. Again the la-
teral period was fixed at d =15400 A because only the ra-
tios s /d, b /d, and g /d enter into Eq. (33).

From the fits one can conclude that the theory is able
to explain the measured data satisfactorily. Within their
error bars all fits yield the same parameters for the sur-
face grating and nearly the same roughnesses. These re-
sults are confirmed by SEM measurements. The grating
height h =1480 Ais very close to the calculated height
from the etching time and ratio in Table 1. Furthermore,
the roughness o, of the bars is much smaller than the
roughness o, of the grooves. This is found for all five
samples and was confirmed by an atomic-force-
microscope (AFM) measurement on a sample which was
prepared in the same manner as the samples S1-S5. The
AFM picture shows that the rms roughness of the
grooves is more than twice as big as the respective rough-
ness on top of the bars. One possible reason is the
preparation process. During the etching the bars are

o

10 3 ‘/r o I I
) m ]
£ 107" I 7 mﬂo i
N =l m=0 | -
g 3 0
o 2| O reflectivity measurement oy, 1
B 1072 —reflectivity fit ) .
~ 3 & 1, diff. order measurement 3
> E — 1. diff. order fit ]
= L ' ]
[ g
c 107 3
L3 £ E
- E 3
= E ]
107 3
3 A

10‘5 P S TS O S T S SN ST S (WY T S ST S Y PO SO S W N ST
0.0 0.1 0.2 0.3 D.4 05 =

%" (deg)

FIG. 7. Intensity of the first diffraction order {m =1) for
sample S3 dependent on the incidence angle ;. The triangles
represent the measurement and the line is the best fit using the
theory given in the text and the parameters of Table III. For
comparison above the reflectivity (m =0) is also shown (open

circle).
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covered with the photoresist so that the smooth MBE
GaAs is not affected by the sample preparation.

The parameter € shows that there are 2% nongrating
contributions to the reflectivity. This value seems to be
reasonable because optical experiments in the region of
visible light show that only the edges of the sample are
not covered with a grating. Furthermore, there is a big
difference between the results for qu,ﬁt /éSqz (see Table II).

This could be a hint that the description of the height
fluctuations using Eq. (36) is too simple.

Figure 7 contains the reflectivity and the intensity of
the first diffraction order for sample S3. The reflectivity
measured over a larger g, range is presented in Ref. 63.
Figure 8 shows a detector scan for fixed incidence angle
9;=0.13°. The shoulder at $=0.43" is the so-called
Yoneda peak (see Refs. 17 and 64). This peak in the
diffuse scattering occurs if the incident or exit angle
equals the critical angle of the bulk material. In this
work only the locations of the diffraction orders as well
as their intensities are of interest. The diffusely scattered
intensity between the diffraction orders cannot be de-
scribed by the theory of Sec. III.

Table III contains the fit results for the various scans.
The first column gives the result of the best fit of the
reflectivity. Due to the longer etching time the height A
and the width of the intermediate regions b of the surface
grating are larger than the respective parameters of sam-
ple S1 whereas the width s becomes smaller. The
roughnesses and imperfections are of the same magnitude
as obtained for S'1. The fits of the four diffraction orders
(grating parameters fixed, only d and the roughnesses are
free parameters) and the fit of the first diffraction order as
a function of the incidence angle (see Fig. 7) lead to the
same roughnesses and mesoscopic grating parameters.

Although rather good fits are obtained for the data of
the samples S'1 and S3 (see Figs. 6 and 7) it should clearly
be mentioned that for larger incidence angles 4; the
height oscillations are damped out in the calculated curve
whereas in the measurement they are still visible. There
are several possible reasons for this behavior. First, it is
possible that the density-profile approximation breaks
down in this region. But this seems not to be the reason
because Eq. (31) leads to the correct kinematical limit,
i.e., the limit of large incidence angles. Another point is
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FIG. 8. Detector scan of sample S3 for the fixed incidence
angle 4,=0.13°. The “peak” at the position ® =; +,~0.43°
is the so-called Yoneda peak; a common feature in the structure
of the diffuse background.

the roughness distribution which was assumed (here a
Gaussian for both roughnesses o, and o,). Maybe
another distribution should be chosen. The work of Bahr
et al.’ shows that x-ray reflectivity is very sensitive to the
particular distribution which is used to model the
influence of the microscopic roughness on the specular
reflected intensity. Finally, it is possible that the parame-
ters 8, g and & do not describe the imperfections of the

sample surface correctly. All three reasons might be the
source for this damping of the height oscillations and a
clear decision which reason is the most important one is
not possible, But the SEM pictures give small hints that
the modeling of the height fluctuations assuming a
Gaussian distribution w(k) in Eq. (36) is too simple be-
cause there seem to be regions where the height 4 is well
defined and other regions where a fluctuation is slightly
visible.

In comparison to S1 and S3 a completely different
behavior is obtained for S2. Figure 9 shows the mea-
sured refiectivity (open circles) and the fitted curve (solid
line) for this sample. For clarity the inset shows the re-

TABLE III. Resulis of the fits of the data concerning sample S3. If no error bars are shown the
respective parameter was fixed and the symbol ~ means that the values of these parameters can only be
roughly estimated from the calculation. The detector scan was done at ¢, =0.13".

Detector scan

Reflectivity (A) First diff. order

d 15400 A 15 4001100 15400 A
s 28004100 A 2800 30004200 A
b 2400+150 A 2400 22004200 A
A 1790440 A 1790 1800150 A
o 14+1 A ~20 1943 A
o, 3414 A ~45 39+4 A
£ (2.6+0.4)%

8, .0/8g, 1.5£0.2 2.540.5
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FIG. 9. Reflectivity of sample S2. The open circles represent
the measurement and the solid line is the best fit with the pa-
rameters given in Table IV below. For clarity the inset shows
the region of the critical angle 0° <1, <0.35° on a linear intensi-
ty scale.

gion before the critical angle on a linear intensity scale.
Now no height oscillations for g, > q,, are visible and the
dip before the critical angle is not as pronounced as ob-
served for the samples S'1 and S3.

Table IV contains the results of the fits for the
reflectivity (left column) and one detector scan with
$#;=0.29° (second column) which is not shown here.”
Although this sample was prepared in the same manner
as S1 the parameters obtained are quite different. The
height # =1200 A (from the etching time & ~1500 A was
expected) which results from the fits of the x-ray data of
S2 suggests that these differences are caused by the pho-
toresist which has covered the GaAs substrate. Maybe
this photoresist was inhomogeneous and the subsequent
etching process leads to the observed differences. The
weak oscillations in the reflectivity are also a hint that
the grating is not very well defined. This is confirmed by

TABLE IV. Results of the fits from the reflectivity and one
detector scan at ¢;=0.29° for sample S2. Again the values
without error bars are fixed and the sign ~ means that these
numbers are only rough estimates with rather large error bars.
The right column contains the values which were obtained from
the analysis of SEM pictures.

2249

-1

: q, (A1

1000.00 0.05 0.10 .0.15
e T ————————§
E ] = . _0.00 0.04 3
[ s 1.0 ]
— _f E ]
2107 g 08¢ 3
o = 206t E
3 R > ]
: i S04t ]
2 1072 e 2
) 2 o2} E
> f 0.0 bt ]
m 1077 F A ¥ (deg) E
c £ O measurement 3
o F —f 3
c I u
— 107 3
107°L
ST RPN RV SV R AR R PRTES R
0.0 . 0.2 0.4 0.6 0.8 1.0 1.2
% (deg)

FIG. 10. Reflectivity of sample S4. The open circles
represent the measurement and the solid line is the best fit with
the parameters given in Table V. For clarity the inset shows the
region of the critical angle 0°<; <0.35° on a linear intensity
scale.

the fit parameters € and 8, /8, which determine the

imperfections of the grating. The obtained values and the
roughnesses o, and o, are larger than the respective
numbers for S1 and S3.

After the x-ray measurements a SEM investigation of
this sample was done. The expected imperfections of the
grating are clearly visible because the pictures show a
grating with well-defined spacing d but the width s of the
bars is strongly varying over the sample surface (for de-

Detector scan SEM

Reflectivity (A) (A)
d 15400 A 15400+ 100 ~15000
s 1500+400 A 1500 ~1500
b 17004300 A 1700 ~1500
h 12001100 A 1200 ~1500
o, 18+1 A ~20
o, 44x4 A ~40
£ (7.2+0.5)%

8q,.1/8q, 2.5+0.8
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FIG. 11. Reflectivity of sample S5. The open circles

represent the measurement and the solid line is the best fit with
the parameters given in Table V. For clarity the upper right in-
set shows the region of the critical angle 0°<#;<0.35" on a
linear intensity scale. The lower left inset shows a detector scan
for fixed ¢;=0.15". The specular peak is denoted by m =0 and
the first diffraction order by m =1,
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TABLE V. Results of the fits and the SEM pictures for $4 and S5. The values without error bars
are fixed and the sign ~ means that these numbers are only rough estimates with rather large error
bars. The right column contains the values for S5. The value for the grating period d was calculated
only from the position of the first diffraction order (see lower inset of Fig. 11). Note that the density 7

of the oxide layer was set to 7=0.9 pg,a,

S4 S5
Detector scan SEM
Reflectivity (A) (A) Reflectivity

d 5900 A 5900450 ~ 6000 59004500 A
s 1630150 A 1630 ~1500 1400140 A
b 640+30 A 640 ~750 940+40 A
h 480+10 A 480 ~500 730+10 A
o, 10+1 A ~10 7+1 A
o 29+3 A ~30 19+2 A
4 44:+8 A 52+10 A
€ (3.1+0.2)% (1.8£0.3)%

8,00/, 1.6+0.3 1.4+0.2)

tails, see Ref. 55). The parameters obtained from the
SEM measurements are given in the last column of Table
IV. It can be seen that a rather good agreement between
the x-ray data and the SEM investigations is achieved but
it should also be mentioned that the errors are rather big.

In contrast to the first three samples the grating period
of S4 and S5 was d=5900 A. Figures 10 and 11 and
Table V show the reflectivities and the parameters ob-
tained from the fits of these curves and an additional
detector scan (not shown here, see Ref. 55). Both
reflectivities are quite similar to those of the samples S'1
and S3 but an additional modulation due to an oxide lay-
er is observed. We model this oxide layer by introducing
a thin layer of the density §=0.9pg,4, (see, e.g., Refs. 65
and 66) on top of the bars. This particular layer of thick-
ness i can be simply included into the recurrence rela-
tions (19)—(21) by modifying the grating-vacuum inter-
face in the appropriate manner.

Of course the grating parameters obtained for S4 and
S5 are different from the parameters of S1 and S3. But
one can say that both gratings are also well defined be-
cause they show pronounced x-ray-scattering curves.
The roughnesses of the bars and grooves are a little small-
er than those of S1 and S3 but in contrast to S'1 and S3
the aforementioned oxide layer of roughly # =50 A has
to be taken into account. The rms roughness o, is now
the roughness of the oxide-vacuum interface. An oxide
layer within the grooves is also expected. But this layer
seems not to be very thick or its influence on the
diffracted intensity is so weak that it cannot be dis-
tinguished from the roughness described by the parame-
ter o,. This may also be the reason why an oxide layer
was not detected for S1-S3. Furthermore, the g, region
for the measurements of the first three samples was so
small that the additional modulation caused by a thin lay-
er of thickness & ~ 50 A cannot be detected.

After the x-ray investigations a SEM picture was taken
for sample S4. It leads to the same mesoscopic grating
parameters as given in Table V (for details, Ref. 55). Ad-
ditionally, the picture shows that the grating is well
defined. This conclusion can also be made from the

values of the parameters of the height fluctuations and
the nongrating contributions which are not very big.

Finally, all values obtained for S1-S5 are compared
with the results of wide-angle-scattering data. For all
samples, truncation rods** in the vicinity of the 004
GaAs bulk Bragg reflection are measured and fitted with
a simple kinematic model. This is described in detail in
Ref. 5. It turns out that the parameters obtained from
the small-angle measurements are in very good agreement
with the results of the wide-angle data.

VI. CONCLUSIONS AND OUTLOOK

In summary, we have shown that laterally structured
surfaces can be quantitatively investigated within the re-
gion of total external reflection by the nondestructive x-
ray-scattering technique. We have calculated the scat-
tered intensities in a dynamical way, only assuming that
the grating can be replaced in a zeroth-order approxima-
tion by a special kind of layer system. Measurements and
calculations show that the presented theory is valid up to
wavelengths of A=10 A.>*® Due to the large incidence
angles the density-profile approximation breaks down for
wavelengths in the vacuum-ultraviolet and soft-x-ray re-
gimes.

Our measurements and calculations are not only able
to yield the mesoscopic grating parameters, but also a
feeling for the imperfections of surface gratings is ob-
tained. Roughnesses, height fluctuations, nonstructured
regions, and oxide layers contribute to the scattering too,
and were included into the theory in a straightforward
manner. Furthermore, SEM measurements as well as
wide-angle x-ray data confirm the results obtained.
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