Nanometer surface gratings on Si(100) characterized by x-ray scattering
under grazing incidence and atomic force microscopy
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During rapid melting and resolidification of As-implanted(1%I0) by pulsed laser irradiation a
periodic lateral grating has been created on the Si surface. Structure and perfection of the grating is
investigated by specular and diffuse x-ray scattering under grazing incidence and exit angles. Using
synchrotron radiation we find sharp, off-specular diffraction rods perpendicular to the sample
surface. Their lateral separation is given by the periodicity of the grd82g@+1 nm), which is

nearly the same as the light wavelend880 nm used in laser annealing the samples. Intensity
measurements along the diffraction rods are used to determine the detailed structure of the surface
grating by fitting the experimental results with model calculations. A sinusoidal shape is found with
an average amplitude oft6l nm. This structure is confirmed by atomic force microscopy studies.
The x-ray method presented will be a unique tool also applicable in the case of buried lateral
nanostructures which are not accessible by surface-sensitive techniques, e.g., scanning probe
methods. ©1997 American Institute of Physids$0021-89787)05002-0

I. INTRODUCTION especially in case of the present scattering geontétry.

The grating on 100 investigated in this work has
. . ) . S similar lateral periodicity as for the above-mentioned cases
semiconductor surfaces is a field of high scientific interes several hundred nanometetsut much smaller heights of

S|tncet Iow—dlmehnsmnal eltectron_ systems dfﬁneg tby the? nly some nm, with microscopic surface roughness superim-
Struclures, such as quantum wires or quantum dots, are 'éﬂ)'osed. These structures have been produeeidtentionally
tended to have distinct properties compared to the 2D ele

: . X during rapid thermal annealing of Si after As implantation
tron gas in semiconductor quantum-well systérigpically

th duced b binati £ lith h 4 tusing a pulsed laser beam scanning over the sample surface.
ey are produced by a combination ot lithography and palye 44 not want to speculate on the detailed mechanism that

ter transfer techniquéskecently, it has been reported that causes the evolving surface pattern, it being likely a parasitic

lateral structures may also be Ind_uced m_such systems lWlterference effect, but rather concentrate on demonstrating
pulsed laser transient thermal gratiriddn this case the re-

. ) how the specific x-ray method applied here can be used to
sulting structures are expected to be located in the nea

f ) hile th : self . truct “haracterize such a periodic perturbation of the surface. We
surtace region, while the surtace Itsell remains unstructure ompare the resulting structure with atomic force microscope

In the case of technologically releva(#00Si surface, lat- (AFM) measurements, which are only applicable with high

eral nanostructures have been investigated in transport a%%nsitivity if the gratings are not buried under a cap layer.
infrared experiment3® Etched nanometer gratings on Si sur-

faces are also used as well-defined substrates to study tfﬂe
replication properties of the nanostructures after they have’
been covered by other materidlégain these gratings have A. Sample preparation

been fabricated by lithography and etching. It has been re- Si(100) wafers, polished to industrial standafglirface
ported that similar structures can also be produced by las‘?bughness about 1 nirhave been implanted by 100 keV As
interference patterns on semiconductor surfaic8svith @ j5ns to a dose of 810 cm-2 at room temperature. Recrys-
lateral periodicity close to the laser wavelength used. tallization of the damaged near-surface layer has been per-

In.the present_wqu we .report on the pharacterization O%ormed by laser annealing using @-switched frequency-
laser-induced periodic gratings on the(180 surface. We  yqubled Nd:YAG laseA\=530 nn). The laser beam has

have partly adopted the x-ray scattering method used by Tqseen gefocused to a diameter of abouts8 resulting in a

lan et al** The off-specular diffuse scattering at grazing in- ¢, face energy density of 2.2 J&riThe sample surface was
cidence and exit angles shows intensity stre@dcscalled  gcanned in near normal incidence with a raster of partially
truncation rodsrunning parallel to the specular path in re- o erjapping patches. The electrical activation process
ciprocal space. It has been demonstrated that the coherengg, oy obtained and the corresponding structure of the As

length necessary to obtain diffraction from such extendediomg’in the Si matrix has been reported elsewhere together
structures is sufficiently large for x rays from a synchrotron,,.th the details of the sample preparatidnFurther long

time furnace annealing of these samples led to electrical de-
dElectronic mail: thmetzger@Irz.uni-muenchen.de activation and a new defect compl¥xit is the aim of a

The fabrication of periodic lateral nanostructures on
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FIG. 1. Scattering geometry in the plane of incidence. Expected intensity 0 0.001 0.002 0.003 0.004 0.005 0.006
rodsm=—1 to —4 for a lateral grating are indicated schematically. Besides q [A'l]
X

the Yoneda peak and the strong specular beam, different ondefsdif-

fraction rods appear. The solid curve in this schematic scattering geometry

at small, fixed incident angle; represents an exit angle scan as recorded byFIG. 2. Scattering intensity on a logarithmic scale as a function of the exit
a position sensitive detector alodgy; . angleq; at the incident angle; =0.36°(insey. The horizontal axes from the
inset are converted to lateral momentum transfein the main plot. The
diffraction maximam=—1 to m=—4 become equidistant. Note that their

. . . . . .. widths are larger than the width of the specular beam.

current investigation by x-ray techniques under grazing inci-

dence conditions to study the lattice structure and precipita-
tions evolving in the long time annealed sampfes.

Here we are interested in the surface grating that hasionochromator crystal from the synchrotron beam after
evolved in all samples during laser annealing. Due to thepassing a gold mirror which suppressed the higher harmonics
high energy density and the parasitic interference of the lasdrom the monochromator. The size of the incident beam was
beam, the local temperatures probably exceeded the meltirdgfined by a horizontal slit of 1 mm and a vertical slit of 0.1
point of Si, thus resulting in stripelike evaporation patternsmm. Details of the setup have been described elsewfere.
on the Si surface. The presence of the high As concentratiohhe scattered intensity was recorded by a PSD that can be
in the near-surface region may have favored this proces®tated around an axis perpendicular to the plane of inci-
since it is known that foreign atoms increase the absorptiodence. It covers an exit angle range of about 3° with a reso-
of laser light? lution of about 0.8 mrad.

In the inset of Fig. 2 the existence of diffraction rods is
B. X-ray scattering d_e.monstratgd by a detector “scaq” as measured by thg po-
' sition sensitive detector. e« radiation was used. The in-

In order to characterize a surface grating with a periodcident angle was kept constantat=0.36°. If the exit angle
icity of some hundred nm, extremely high resolution for lat-equals the critical angle for total reflection; =, the dif-
eral momentum transfer is mandatory. This can only beuse intensity is amplified by the transmission functiso-
achieved by triple crystal diffractometior by choosing the  called Yoneda peakFor «; =« strong specular reflection is
scattering geometry of grazing incideni®d.et us assume,  obtained, while for exit angles larger than four maxima
andq,, the momentum transfer parallel and perpendicular taappear. They are due to different orders of Bragg diffraction,
the sample surface, be placed in the plane of incidence. Im=—1 to m=-4, from the surface grating as indicated
the case of specular reflectivity the angle of incideacand  schematically in Fig. 1. The scattering angtesand a; have
exit o4 are the same. Information on the density profile per-been converted in the vector for momentum transfer using
pendicular to the surface is obtained. If the grating is ori-
ented perpendicular to the incident x-ray beam, diffraction
maxima atéq,=n*2#/d are expected, whem is the peri-  Plotting the scattering intensity as a functioncgf (Fig. 2),
odicity of the grating. Since the grating is confined to thewe find the lateral distances between all diffraction rods to be
sample surface the diffraction maxima are extended alongonstant. This distance corresponds to a mean lateral period-
g,, perpendicular to the sample surface. Figure 1 shows thieity of the grating of 5221 nm.
scattering geometry together with the expected intensity dis- The orientation of the grating with respect to the plane of
tribution in reciprocal space\«; represents the range of the incidence has been checked by maximizing the distance of
exit angles covered by a position-sensitive dete(@8D). the Bragg rodsdg,=n*2u/d.s, as a function of the azi-
The different orders of the diffraction roda=—1 through  muthal anglew, which changes the effective periodicity ac-
m=—4 are expected to appear parallel to the specular paticording to dez=d/sin w. For w=w,,,=90° the grating is

The experiments have been performed using a 60 kWlaced perpendicular to the incident beam,,, can be de-
Rigaku rotating anode x-ray generat@uKea, radiation  termined to an accuracy of 0.1°. Inspection of Fig. 2 shows
and the positron storage ring DORIS, at Hasylab, DESY, irthat the width of the specular beam is smaller than for the
Hamburg at the diffractometer located at beamline D4. Thesatellite peaksn=—1 to —4. From the full width at half-
x-ray wavelengtih=0.13 nm was selected by a flat G&1)  maximum(FWHM) of the first side peak the number of pe-

d=(0yx,0,9,) =27/\(COS a;— COS «;,0,SiNCa;+Sin ;).
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0 0.05 0.1 0.15 02 FIG. 4. Specular intensitym=0) as a function of perpendicular momentum
q [A'l] transferg, . Open circles represent the experimental data, the dashed line is
z a calculation using a Gaussian surface roughness of 2.3 nm. The solid line
shows the result of a fit for which the surface grating has been replaced by
FIG. 3. Scattering intensity along the first satellite diffraction nod —1 as a sinusoidal surface |ayer with an average thickness of 6 nm.
a function of vertical momentum transfgg . Circles represent the experi-
ment, the solid line a calculation using a sinusoidal model. The inset shows
the result of the model calculatiofsolid line) and the surface profile as . . .
obtained from AFM measurements. tively this measurement can be interpreted as follows: The

intensity maximum is again caused by the transmission func-
tion at o;=«, and is followed by a structureless monotonic

riods N contributing coherently to the interference maximumintensity decay along,.The absence of further intensity os-
is determined according to the Laue equation cillations for ;> indicates that the grating height is much

. . smaller than its periodicity. For other systems with larger

SIF{N&0,(d/2) /sir [ 5a,(d/2)]= 0.8V grating heights pronounced oscillations have been fdti.
N=13 is obtained from this analysis and represents a redfrom the following evaluation it becomes clear that the am-
structure effect rather than the limitation by the coherencelitude of the surface grating is still too large to be treated as
length of the x rays. The coherently eluminated length resulta small perturbation of the surface and thus can not be de-
ing from the projection of the longitudinal coherence lengthscribed by a Gaussian roughness. In addition the spectral
on the surface reaches about 30M.12 The grating imper-  power density of the grating is quite different from a surface
fection is presumably due to the perturbation of the long-with a self-affine height—height correlation function. This
ranged periodicity created by the laser-induced lateral struddifference is now demonstrated from the analysis of the
turing mechanism. This perturbation will become obvious byspecular reflectivity(tm=0) as shown in Fig. 4. Again the
the AFM measurements taken at different locations on thgrating is oriented perpendicular to the incident beam. The
sample surfacésee below Fresnel decay of the specular intensity is modulated by a
weak intensity oscillation. Using a simulation program for
specular reflectivity of layered flat sampléseFsim by Si-
emens the experimental data have been fitted by two mod-

In the following the detailed structure of the surface els. First, a flat surface with Gaussian roughness of 2.3 nm
grating is characterized by comparing further x-ray measurehas been assumed. The corresponding curve in Fig. 4 clearly
ments with model calculations for the off-specular structuredoes not reproduce the experimental data. Second, the grat-
factor of a periodic surface “roughness” using the theorying is modeled by a layer with sinusoidal vertical amplitudes
outlined recently by Tolaet al!! They have shown that the z=h* sin(x/d) on top of the Si substrate with an average
real structure of a surface grating can be obtained by meadensity smaller than Si bulk density. The corresponding cal-
suring theg, dependence of both the specular reflectivity andculated specular reflectivity is shown in Fig. 4 as a solid line.
the satellite diffraction rods. To do so, we have performed @ue to the crude assumptions made in the model the only
g, scan along the first two diffraction maxima, by varying reliable parameter in the fit is the layer thicknesslofb+ 1
and the PSD in a manner that kept the specular peak alwaysn. It determines the location of the intensity modulation
at the same channel number in the multichannel analyzearoundg,=0.09(A™Y). We conclude that the specular reflec-
which records the PSD signal. For intensity reasons thisivity measurement is able to distinguish between Gaussian
measurement was done using synchrotron radiation. Thand structured roughness even for relatively small height.
background corrected integrated intensity of the first diffrac+or the remainder of this subsection we want to determine
tion satellite peakin=—1, is shown as a function of momen- the detailed structural parameter of the grating from model
tum transferq, in Fig. 3 at constant,=2/d. The circles  calculations using the theory reported by Togral! in the
represent the measurement, while the solid line shows resulkisnematic approximation. Two models have been compared:
of a model calculation, which is explained later. Qualita-a sinusoidal grating profile and a periodic grating with an

C. Quantitative interpretation
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asymmetric trapezoidal shape. The simulation resulting from  pm
the sinusoidal shaped grating is represented by a solid line in 19
Fig. 3 and fits the data reasonably well. The disagreement A
between the fitted and experimental curvedpsmaller than

B
the critical angle is caused by a trivial geometric effect, MMMM I MMM\AMW
s

which contains no further structural information. The struc- 5 W V U

ture obtained by the fitting is compared to the grating profile

measured directly by AFMsee inset of Fig. B3 The main

result from the fitting is the average grating height=6+1

nm has been found. The model calculation is rather insensi-

tive to the periodicity of the grating. We therefore used the pum

periodicity d=540+30 nm as obtained from averaging sev-

eral AFM measurements. Within this error bar the model

calculations produced fits similar to the one given in Fig. 3. 75
The trapezoidal model fits the measured data with simi-

lar quality (not shown in Fig. B but the amplitude of the 5

grating is too small by a factor of about 2 as compared to the

AFM result.

D. AFM measurement

Finally, we present the result of AFM measurements 0
which probe the surface grating in real space. They have 0 2.5 5 7.5 10 12.5 pm
been performed with a NANOSCOPE Il in the tapping
mode. In this mode the cantilever vibrates at its resonanc€!G. 5. AFM topography of the surface gratifigwer par}. Surface profile
frequency of about 300 kHz, resulting in an amplitude to thealong the section A, Bupper part Periodicity of 522 nm and height am-

L . ) plitudes between 3 and 5 nm are found.

order of 10 nm. To obtain high topographic resolution we
fabricated needlelike, electron-beam-deposited supertips

with a typical tip length of 1um and a tip diameter of about jected on the sample surface is enlarged by a factor of more
100 nm. Some of these tips were additionally sharpened ifhan 100 and the resolution for lateral momentum transfer
an oxygen plasma, resulting in a decrease of the tip diamet¢jecomes as high as %80 °> A"112 Thus, lateral periodic

by a factor of 3—4. For a detailed description of the tip fab-patterns with a periodicity of up to 1@m can be investi-
rication we refer to Ref. 17. An area up t0X144 um? has  gated by x rays. The lower limit of such structures is of
typically been scanned in the AFM measurement. The resulicourse determined by the atomic distances which are still far
ing topography is shown in the lower part of Fig. 5, while in from being realized by current lateral patterning techniques.
the upper the vertical section plot along the line A, B is  we finally want to emphasize that the comparison be-
presented. The average periodicity of the grating is 522 nmyveen the two methods will not be possible in the case of
the amplitude in this section varies from 3 to 5 nm. Takingburied gratings; then diffuse x-ray scattering will be the
several such pictures at different locations on the sampl@nique tool to characterize such structures. In addition to the
surface we find that the grating is far from being perfect. ltcharacterization of periodic lateral electron density modula-
shows varying amplitudes between 2 and 10 nm and periodions as demonstrated by the x-ray methods presented here,
icites between 510 and 570 ni®40=30 nm). Typical length  diffraction under grazing incidence from such buried struc-
scales over which the grating is reasonably perfect amount t@res will show how the corresponding atomic order is
4000-7000 nm. The number of periods within such a lengtithanged by the lateral patterning of crystalline samples.
ranges fromN=8 to N=14 and gives a similar value as First measurements on buried lateral gratings in GaAs/

obtained from the FWHM of the x-ray satellite rod$=13).  AlGaAs heterostructures revealed encouraging restits.
An amplified section of one of the surface profiles obtained

by AFM measurements is compared to the result from X-rays ckNOWLEDGMENTS
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