RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 57, NUMBER 12 15 MARCH 1998-II

Reflectance difference spectroscopy of highly oriente(2x 1) reconstructed S{001) surfaces

Ryu Shioda and Jaap van der Weide
Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba Ibaraki 305, Japan
(Received 22 January 1998

We report on reflectance difference spectroscdp®S) from highly oriented, single-domaif2<1) recon-
structed Sj001) surfaces. It is much closer to the “ideal” surface than the vicinal one commonly used in RDS.
It was prepared using electromigration technique which resulted in large tetBagey. Certain features that
are attributed to 1 and 22 structures are significantly changed in spectra obtained from vicinal surfaces.
This indicates that the steps suppress formation of th &tructures. The vicinal surfaces may have limited
practical utility in RDS studies of the ®01) surface[S0163-18208)52312-(

Reflectance difference spectroscof3DS), also known race edges we performed RDS measurements on highly ori-
as reflectance anisotropic spectroscopy, measures changesited surfaces. Using an electromigration technique a surface
reflectivity as a function of the light polarization and is sen-with large terraces covered with uniformly oriented dimers
sitive to optical anisotropy. When a material is optically iso-was prepared®°
tropic in bulk, but has an anisotropic surface, RDS can be The samples used in this study werg 28 mnt rectan-
used as a surface-sensitive optical prbBe important class gular pieces ofn-type silicon with the long side of the
of materials, semiconductors with a cubic lattice structure, isample oriented along tR@10 direction. The samples were
optically isotropic, and several semiconductor surfaces areut off from polished silicon wafers with a surface oriented
optically anisotropic. As a surface-sensitive optical probeto (001) to within 30 in the (110) direction, and within 3
RDS is unlike most other optical techniques which tend to bealong the(110 direction. Before a sample was introduced
bulk sensitive, and unlike most surface-sensitive probeinto vacuum it was cleaned in organic solvents such as
which are either based on incident electron beams or electramichloro-ethylene and acetone, etched with hydroflouric acid
emission. As such it provides information that cannot be obfor 30 sec, and boiled in a 1:1 solution 0£$0, and H,0O,
tained with other techniques. In addition, RDS can be used ifor 10 min. Within 20—30 min after the chemical cleaning
a variety of environments, unlike other techniques that rethe sample was introduced through a load lock into the UHV
quire a vacuum. These factors make RDS a potentially usefigystem.
technique. However, at present the use of RDS as a practical The UHV system consists of a heat-treatment and depo-
probe is still limited. This has been due in part to the diffi- sition chamber and a separate chamber for the optica| mea-
culty of obtaining good data, and in part to a limited avail- syrements. The pressure in the UHV returned to its base
ability of theoretical results. Early RDS studies, for example,pressure of % 1072° Torr within ten min after the introduc-
focused or14(00]) and (110 surfaces of 1lI-V semi- iy of the sample. After the pressure returned to normal, the
conductors™ These surfaces are relatively easy to Studysample was annealed by gradually heating it to 1000 °C by a
because t_hey are inherently anisotropic. The interpretation Qi ¢ ran through the length of the sample. At 1000 °C the
the resulting spectra has been |_|m|ted, nowever. . sag current through the sample reached 7.5 A at 12 V. The

In recent years several experimefitdand theoretic4l® | K 1000 °C for 3 h. Th f th
RDS studies have been performed on th@®@&l) 2X 1 recon- sample was kept at . orsnh. fhe temperature o .t €

ample was measured with an optical pyrometer. At no time

structed surface. This surface has received more attentio uri le heating did the chamb 45
and theoretical RDS spectra are available for this suﬁace.>< {g‘_glos_l"f‘mpe ealing di € chamber pressure excee
orr.

The difficulty with the S{001) surface lies in obtaining good .
RDS results. The anisotropy on this surface is due to the After the anneal the presence of a unifor 2 recon-
dimer associated with the reconstruction. On a typical surStruction was variedn situ by low-energy electron diffrac-
face equa| amounts Of)@_ and >X2 reconstructed domains tion (LEED) If the reconstruction was not SuffiCiently uni-
are present. These domains differ only in the orientation oform, a second anneal was performed. The LEED pattern of
the dimers, which are oriented at 90° with respect to eacl?d sample prepared with the electromigration method de-
other. As a result, the RDS signals of these two types ofcribed above is shown in Fig(a. As can be seen in the
domains cancel each other. To obtain RDS spectra from thigure, the(2x1) LEED pattern is clearly visible while the
Si(001) surface, it is therefore necessary to create a surfacelX2) pattern is very faint. This indicates that the surface is
that has an excess of one of the two dimer orientations. Thipredominantly covered with >21 reconstructed domains.

is typically accomplished by using vicinal surfaces that haveNote that the LEED pattern does not show the presence of
angles of miscut between 1° and4°12The relative cover- the 2x2 structures that are discussed below. We attribute
age of the majority domain varies with angle of miscut. Athis to the limited size of the 22 domains. Scanning tun-
potential drawback of this technique is that, based on tha@eling microscopy studies show, for example, that even at
angle of miscut, the average terrace width varies from 40 tdow temperatures the size of these domains is only on the
160 A, which is on the order of 10 to 40 dimers. As a result,order of ten dimers and that around room temperature the
a significant fraction of the dimers borders on a terrace edgphase defects between the smalk2 domain rapidly
and are affected by the step. To minimize the effect of termigrate!® To measure the step distribution on the surface,
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FIG. 2. () A RDS spectrum of a highly oriented single domain
FIG. 1. (a) A LEED pattern obtained from a highly oriented 2x1 Si(002) surface(b) Theoretical spectra of21 and 22 struc-
Si(001) surface prepared with the electromigration technique deitures reported by Kipet al. (Ref. 6. The figure shows that several
scribed in the text. The beam energy is 60 eV. The figure shows &atures in the experimental spectrum, at 1.6, 3.1, and 3.7 eV agree
2X1 reconstructed 801 surface with a uniform dimer orienta- very well with corresponding features in the theoretical spectra.
tion. (b) A 13x13 um? AFM image of the same surface. The ter-
races shown in the figure are typicallx5 um?, and are separated Occur on the X1 reconstructed 801 surface; a X1
by bunched steps. structure, in which all the dimers buckle in the same direc-
tion, and a X2 structure, in which the dimers buckle in
in-air atomic-force microscopyAFM) measurements were alternating directions. The latter structure is found in the
performed on the reconstructed surfaces. A typical AFMp(2x2) andc(2x4) reconstructions. Theoretical calcula-
image is shown in Fig.(b). The AFM image shows bunched tions show that the 22 based structures are about 90 meV
steps approximately mm apart in the(110) direction and  lower in energy than the>21 structure?® At room tempera-
double-layer steps every Bm in the (110 direction. The ture the surface is therefore expected to be mainly covered
terraces between these steps are atomically flat. This terragéth 2X2 structures. When we compare the experimental
width is about 1000 times larger than that obtained withspectrum with the theoretical spectrum for the2structure
vicinal surfaces. For the RDS studies a number ®flZe-  we find that the sharp features in the experimental spectrum
constructed surfaces were prepared as described above aad3.7 and 1.6 eV agree very well with the spectrum calcu-
transferredn vacuoto the chamber in which RDS measure- lated for the X2 structure. Similarly, the broader feature at
ments are performed. The RDS measurement system is sin8:1 eV corresponds well with the spectrum calculated for the
lar to the one developed by Aspnis. 2X1 structure. The peak at 4.3 eV, appearing in the experi-
A typical spectrum of a highly oriented>2l recon- mental spectrum clearly, is very small in the theoretical spec-
structed surface is shown in Fig.(a. The RDS signal trum.
dR/IR=R{2(r110—r110/(r110*tr110], where r_4;0 and Shown in Fig. 3 are spectra obtained from a highly ori-
r110 are the complex reflectivities for light polarized, respec-ented sample and various miscut samples. The spectra la-
tively, parallel and perpendicular to the dimer row of thebeled 0, 1, 2, 3, and 4 were obtained from a highly oriented
majority domain. To interpret the various features in thesurface and vicinal surfaces at, respectively, 1°, 2°, 3°, and
RDS spectrum, we compare the experimental data with the4° off normal. These vicinal surfaces are prepared with the
oretical spectra reported by Kipptal® These spectra, conventional method. This involves heating the sample for
shown in Fig. 2Zb), were calculated for two structures that several hours to 400 °C for degas, followed by a quick
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0.002 range because of the poor anisotropy of the surface. The
] peak intensity around 4.3 eV decrease monotonously with
the decreasing anisotropy. It has also been pointed out in the
RD change at high temperatur&he pronounced peak at 1.6
eV is reduced in the 2° and 3° miscut sample, and has com-
pletely disappeared in the 4° miscut sample. However the
features around 2—4 eV show the complicated change with
the miscut angle. These features around 3.1 and 3.7 eV are
related to the X1 and the X2 structures, as was expected
based on the theoretical spectra. Therefore the ratio of the
peak intensities at 3.1 and 3.7 eV should be related to the
ratio of the 2<1 and the X2 reconstruction. The reduction

in the features associated with the2 structure with the

: increase of miscut angle indicates that the area>a? 8truc-

% tures decrease and that of th& P structures increases. Be-
-0.003 ) ; cause the number of steps increases with the increase of mis-
cut angle, we attribute this effect to the presence of steps on
the surface. However, the complete interpretation of these

FIG. 3. Various RDS spectra obtained from single domairi2 Peaks on RD spectra is difficult. On these surfaces, the an-

Si(001) surfaces. The spectrum labeled 0° was obtained from 4SOtropy also changes with the miscut angle as discussed
highly oriented surface prepared with the electromigration techlefore. Furthermore, the 1.4-eV feature that is also present in

nique. The spectra labeled 1°, 2°, 3°, and 4° were obtained frorih€ theoretical spectrum for the<a structure is not present

vicinal surfaces at, respectively, 1°, 2°, 3°, and 4° off normal. Thesd our experimenta_l spectra. o )

surfaces were prepared using the conventional method, which con- [N summary, using various vicinal 801) samples, we

sist of annealing to 1000 °C for 1 min. were able to measure RDS peaks at 1.6, 3.1, 3.7, and 4.3 eV.
With the change of miscut angle, these peaks changed, re-

(1 min) anneal to 1000 °C. Based on LEED observations thespectively. The peak intensity at 4.3 eV decreases monotoni-

anisotropy, the ratio between the<2 and 1X2 reconstruc- cally with the decrease of the anisotropy. We attribute other

tion areas, vary with the miscut angle. The coverage of th%i?éﬂzgﬁéﬂsthbe %esetng?ec\’ﬁﬁhamsﬁ% ;arulgt?rrgfe,;sailﬁedtﬁg
majority domain of the 4° off sample is typically 90%. The y BIPIET &l 9 9,

majority domain coverage of the vicinal samples decrease?eiﬂr?nznls'igss\/;f Zlglngl\(;agl){hraetdl;fesd7aré(3/tgee£?etgsgf t\f/\vee
monotonously with the decreasing miscut angle, to 60% foP<a ‘ : Co
the 1° off sample, as has been shown in the STM observatio%tmbme these changes to the presence of step edges which
and theoretical siu didd 12 affect the surface structure such as the€l2and 2<2 struc-

When we compare the results from the highly orientedtures in which the buckled dimers change their ordering.

samples with RD spectra obtained from vicinal surfaces, we We would like to thank Dr. T. Yasuda, Dr. D. E. Aspnes
find that the angle of miscut has a significant effect on theand Dr. K. Sakamoto for helpful discussions and technical
RD spectrum. As can be seen in this figure, the spectrum adssistance. The AFM measurements of th@i) single
the 1° off sample shows the smaller features in all energylomain surfaces were performed by A. Ando.
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