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It is shown that the Pb��3� �3�R30 /Si�111� ordered layer is an excellent mirror for neutral He
atoms. It focuses more than 15% of the incoming He atoms into the specular peak, and is stable up
to 450 K. Moreover, the reflectivity remains almost unchanged in a time scale of several weeks in
ultrahigh vacuum. As a consequence, this system is a very good candidate to be used as a mirror in
the next generation of the scanning helium atom microscope. © 2010 American Institute of Physics.
�doi:10.1063/1.3325033�

There is no doubt that the invention of imaging tech-
niques such as scanning tunneling microscopy �STM�
brought a revolution in surface science, which led in particu-
lar to the birth of the field of nanotechnology. However, in
several branches of nanotechnology there is still a need for a
technique able for imaging insulating glass surfaces, delicate
biological materials, and fragile samples which are difficult
to examine by STM due to sample charging or electron ex-
citation effects.

Perhaps the most important of these techniques, cur-
rently under development, is the scanning helium atom
microscope,1,2 which uses a focused beam of neutral He at-
oms as imaging probe. Such a microscope would be a unique
tool for reflection or transmission microscopy, since—due to
the low energies used ��100 meV�—neutral He atoms
probe the topmost surface layer of any material in a com-
pletely nondestructive manner.3,4

The practical realization of such a microscope requires
the development of a mirror able to focus a beam of low
energy He atoms into a small spot on the sample to be ex-
amined. Holst and Allison1 demonstrated that electrostatic
bending of a thin, H-passivated Si�111�-�1�1� crystal was
able to focus a 2 mm-He beam to a spot diameter of 210
microns. In practice, an ellipsoidal mirror is created by elec-
trostatic bending of a single crystal silicon wafer. To provide
the necessary elastic properties for repeated bending, the
single crystal substrate must be very thin, about 50 �m
thick, which cannot be achieved with metallic crystals.5,6 A
serious limitation, however, to improve the resolution was
the low intensity obtained in the focused peak, which is a
consequence of the poor reflectivity of such surfaces, less
than 1%.

Whereas the potential lateral resolution of this micro-
scope is �50 nm, the best value reported using current pro-
totypes is 1.5 microns.2,7 The main limitation to go beyond
this value is given by the low reflectivity of the mirrors used
to focus the incoming He atoms into the specular beam,

which lies near 1% for H-passivated Si�111�-�1�1� mirrors.
We have recently showed that reflectivities of ca. 15% can be
obtained using Pb thin films stabilized by quantum size ef-
fects �QSEs� on Si�111� surfaces.8–10 Whereas this result is
very promising, a serious shortcoming is that such surfaces
are stable only up to 250 K, introducing a practical limitation
to mirror holders which should be kept below room tempera-
ture even when the microscope is not operating. In this letter
we present further results which show that similar reflectivi-
ties can be obtained with an ordered Pb layer prepared on
Si�111�, which besides being stable up to 450 K is inert in
ultrahigh vacuum �UHV�.

The experiments have been carried out in three UHV
chambers with base pressures in the low 10−10 Torr. The
first one contains a variable temperature STM. The second
chamber is a high-resolution helium atom scattering �HAS�
apparatus with a time-of-flight arm and a fixed angle of
105.4° between incident and outgoing beam,11 whereas the
third chamber is a HAS apparatus which enables determina-
tion of absolute diffraction reflectivities.4,8 In this system, the
incident beam’s intensity can be measured and used to nor-
malize scattered beam intensities with respect to the incident
beam, thereby yielding absolute diffraction intensities.

The three chambers offer the capability to evaporate in
situ, a rear view low energy electron diffraction �LEED� op-
tics that is also used for auger electron spectroscopy �AES�,
ion gun and mass spectrometer. We have used as substrates
high-quality Si�111� wafers, 0.5 mm thick, that were cleaned
by standard methods prior to insertion in the UHV chambers.
Inside the vacuum the samples were cleaned by heating to
1400 K while keeping the base pressure in the low
10−10 Torr regime, which led to the appearance of excellent
He diffraction patterns from the �7�7� surface reconstruc-
tion of Si�111�. STM examination of the clean surfaces
shows atomically resolved terraces larger than 2 microns,
confirming the very low misalignment of the wafers. Pb was
evaporated from Knudsen cells at slow rates of 0.1–0.7 ML/
min, while the samples were either in the microscope or in
the He diffractometers at 90–150 K. In the HAS experi-a�Electronic mail: daniel.farias@uam.es.
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ments, Pb coverage calibration was done by monitoring the
specular He intensity during Pb deposition at 320 K, which
exhibits a well defined maximum at a coverage of 1/3 ML,
i.e., when the well-ordered ��3� �3�R30 structure is com-
pleted. Because of the low deposition rate used, the error in
the coverage determination is �0.02 ML. Further details on
coverage calibration are given elsewhere.8 For the experi-
ments reported here, the Pb��3� �3�R30 structure was pre-
pared by depositing 3 MLs of Pb at 100 K and heating to
700 K, which desorbs the excess Pb.

Figure 1 shows the He-diffraction pattern obtained for
the Pb��3� �3�R30 structure, measured in the fixed angle

set-up along the �11̄0� azimuth. Although specular scattering
dominates, diffraction up to third order is clearly resolved in
the spectrum. The existence of Pb islands with other period-
icities, mainly Pb��7� �3�,12–14 leads to the appearance of
the small double peaks present at approximately �8° from
the specular peak. It is worth mentioning that the corre-
sponding intensity is almost three orders of magnitude
smaller than that of the specular peak, which is the one of
interest for Helium Atom Microscopy.

The corresponding STM image measured at negative
bias voltage is also shown in Fig. 1. Depending on the an-
nealing temperature the Pb��3� �3�R30 presents a number
of defects, most of them are substitutional Si atoms which
displays a strong bias voltage dependency.15

In order to determine the absolute reflectivity of this
sample, the experiment was repeated using the second HAS
apparatus. The He-diffraction spectrum, recorded at an inci-

dent energy of 28 meV, is shown in Fig. 2. Also here specular
diffraction dominates, and small diffraction peaks up to third
order are also visible. Under these conditions, 15% of the
incoming beam intensity is scattered into the specular
peak. This is a factor of �20 times higher than for
Si�111�-H�1�1� passivated surfaces under similar scattering
conditions,16 and comparable with the reflectivity of the
QSE-stabilized Pb thin films on Si�111�.8 However, and in
contrast to the latter—which are stable only at surface tem-
peratures below 250 K-Pb��3� �3�R30 surfaces are stable
up to 450 K, which is a great advantage for application pur-
poses.

These results demonstrate that a Pb��3� �3�R30 struc-
ture exhibits a high-reflectivity for He atoms. A He specular
reflectivity of 15% can be obtained from these surfaces at
110 K, working at �i=51° and Ei=28 meV. In order to use
such films as a focusing mirror for a scanning helium atom
microscope, it is convenient to analyze under which condi-
tions this value could be further improved.

He atom beams scattered from a solid surface are attenu-
ated according to the so-called Debye–Waller model. In this
model, the intensity I�T� of a diffraction peak is related to the
intensity I0 from a lattice at 0 K by as follows:

I�T� = I0e−2W�T�, �1�

where exp�−2W�T�� is the Debye–Waller factor. When
specular reflection is considered, W�T� can be put as a func-
tion of the incident beam energy Ei and the angle of inci-
dence �i as follows:4

W�T� = 12m�Ei cos2 �i + D�T/MkB�D
2 , �2�

where M is the mass of a surface atom, m is the mass of the
incoming particle, kB is the Boltzmann constant, �D is the
surface Debye temperature, and D is the potential well depth.

Figure 3 shows the dependence of specular intensity for
the Pb��3� �3�R30 surface as a function of both surface
temperature �a� and incident beam energy �b�. For compari-
son, the dependence obtained for the clean Si�111�-�7�7�
structure is also shown in Fig. 3�a�. We see that the absolute
values obtained for the Pb��3� �3�R30 surface are a factor
of �100 higher than for the clean surface, which means that
in this temperature range, the Pb covered surface behaves as
a harder material, with a corresponding larger �D. The steep
slope exhibited by this surface as a function of surface tem-

FIG. 1. �Color online� �a� Angular distribution of He scattered from the

Pb��3� �3�R30 /Si�111� surface along the �11̄0� azimuth. �b� 50
�50 nm2 STM image of the surface measured with a bias voltage of �1.5
V and a tunneling current of 1.0 nA.

FIG. 2. He-diffraction spectrum from the Pb��3� �3�R30 /Si�111� surface

along the �11̄0� azimuth measured with the set up used to perform absolute
intensity calibration. The surface temperature is 110 K.
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perature, combined with the dependence observed with inci-
dent beam energy, suggests that the absolute specular reflec-
tivity could be increased to �40% by combining a large
angle of incidence ��i�70°� with an incidence energy close
to Ei�10 meV, while keeping the surface at 50 K. As a
consequence, scanning helium atom microscopes designed to
use these surfaces as mirrors could get a signal to noise ratio
several orders of magnitude larger than current prototypes,
which would allow a significant improvement in the lateral
resolution achievable.

Finally, we have checked that the reflectivity of Pb thin
films remains almost unchanged in a time scale of several
weeks. Figure 4�a� shows a He diffraction pattern recorded
for a Pb��3� �3�R30 surface, stored four weeks in UHV
�blue curve�. This spectrum is almost identical to the one
shown in Fig. 1 �measured immediately after preparation of
the surface�, the major change is just a decrease in specular
reflectivity of less than 10%. This means that the sticking
probability of the residual gases present in UHV �mainly
hydrogen and water� on these surfaces is very low. The origi-

nal spectrum can be recovered by flash annealing the sample
to 450 K, as illustrated by the black curve.

We have complemented these results by studying the
surface reactivity in more detail. This was done by exposing
the Pb��3� �3�R30 surface to molecular oxygen at a partial
pressure of 2�10−7 mbar, while monitoring the specular
peak intensity. The result of this experiment is also shown in
Fig. 4�b�, and reveals that the specular intensity decreases by
ca. 10% after an exposure time of 600 s, which corresponds
to a total dose of 90 Langmuir. Although we have observed
that the surface is contaminated when exposed to air, these
results demonstrate that this surface is very inert while in
UHV, making it an ideal candidates to be used as a mirror in
scanning helium atom microscopes.

In conclusion, we have shown that a Pb��3
� �3�R30 /Si�111� surface is an excellent mirror for He at-
oms, with an absolute specular reflectivity of 15%. Such sur-
faces are stable up to 450 K, and their reflectivities remain
unchanged in UHV in a time scale of several weeks.
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cia y Tecnología through projects FIS2007-61114 and CON-
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the Comunidad de Madrid through program NANOMAG-
NET S0505/MAT/0194.

1B. Holst and W. Allison, Nature �London� 390, 244 �1997�.
2M. Koch, S. Rehbein, G. Schmahl, T. Reisinger, G. Bracco, W. E. Ernst,
and B. Holst, J. Microsc. 229, 1 �2008�.

3Helium Atom Scattering from Surfaces, Springer Series in Surface Sci-
ences Vol. 27, edited by E. Hulpke �Springer, Berlin, 1992�.

4D. Farías and K.-H. Rieder, Rep. Prog. Phys. 61, 1575 �1998�.
5D. A. MacLaren, B. Holst, D. J. Riley, and W. Allison, Surf. Rev. Lett. 10,
249 �2003�.

6D. A. MacLaren, H. T. Goldrein, B. Holst, and W. Allison, J. Phys. D 36,
1842 �2003�.

7R. B. Doak, R. E. Grisenti, S. Rehbein, G. Schmahl, J. P. Toennies, and
Ch. Woell, Phys. Rev. Lett. 83, 4229 �1999�.

8D. Barredo, F. Calleja, P. Nieto, J. J. Hinarejos, G. Laurent, A. L. Vázquez
de Parga, D. Farías, and R. Miranda, Adv. Mater. �Weinheim, Ger.� 20,
3492 �2008�.

9R. Feng, E. H. Conrad, M. C. Tringides, C. Kim, and P. F. Miceli, Appl.
Phys. Lett. 85, 3866 �2004�.

10H. Hong, L. Basile, P. Czoschke, A. Gray, and T. C. Chiang, Appl. Phys.
Lett. 90, 051911 �2007�.

11H. J. Ernst, E. Hulpke, and J. P. Toennies, Phys. Rev. B 46, 16081 �1992�.
12I. Brihuega, O. Custance, R. Pérez, and J. M. Gómez-Rodríguez, Phys.

Rev. Lett. 94, 046101 �2005�.
13M. Hupalo, V. Yeh, T. L. Chan, C. Z. Wang, K. M. Ho, and M. C. Tring-

ides, Phys. Rev. B 71, 193408 �2005�.
14M. Yakes, V. Yeh, M. Hupalo, and M. C. Tringides, Phys. Rev. B 69,

224103 �2004�.
15I. Brihuega, O. Custance, M. M. Ugeda, and J. M. Gómez-Rodriguez,

Phys. Rev. B 75, 155411 �2007�.
16D. Barredo, F. Calleja, A. Weeks, P. Nieto, J. J. Hinarejos, G. Laurent, A.

L. Vázquez de Parga, D. Mac Laren, D. Farías, W. Allison, and R.
Miranda, Surf. Sci. 601, 24 �2007�.

FIG. 3. �Color online� Specular intensity dependence for the Pb��3
� �3�R30 /Si�111� surface as a function of surface temperature �a� and in-
cident beam energy �b�.

FIG. 4. �Color online� �a� He-diffraction spectra measured for a Pb��3
� �3�R30 /Si�111� surface after four weeks in UHV �bottom curve� and
after applying a flash annealing to 450 K �top curve�. The curves have been
shifted with respect to each other to allow a better comparison between
them. �b� He specular intensity from this surface as a function of oxygen
exposure.

081901-3 Barredo et al. Appl. Phys. Lett. 96, 081901 �2010�

Downloaded 01 Jun 2012 to 128.178.174.191. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1038/36769
http://dx.doi.org/10.1111/j.1365-2818.2007.01874.x
http://dx.doi.org/10.1088/0034-4885/61/12/001
http://dx.doi.org/10.1142/S0218625X03005062
http://dx.doi.org/10.1088/0022-3727/36/15/315
http://dx.doi.org/10.1103/PhysRevLett.83.4229
http://dx.doi.org/10.1002/adma.200800866
http://dx.doi.org/10.1063/1.1812593
http://dx.doi.org/10.1063/1.1812593
http://dx.doi.org/10.1063/1.2435615
http://dx.doi.org/10.1063/1.2435615
http://dx.doi.org/10.1103/PhysRevB.46.16081
http://dx.doi.org/10.1103/PhysRevLett.94.046101
http://dx.doi.org/10.1103/PhysRevLett.94.046101
http://dx.doi.org/10.1103/PhysRevB.71.193408
http://dx.doi.org/10.1103/PhysRevB.69.224103
http://dx.doi.org/10.1103/PhysRevB.75.155411
http://dx.doi.org/10.1016/j.susc.2006.08.048

