VOLUME 79, NUMBER 18 PHYSICAL REVIEW LETTERS 3 MVEMBER 1997

Physisorbed Template for Spatial Patterning of Adsorbates
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The use of physisorbed species as a template for patterning of adsorbate monolayers at surfaces
on the micron scale is demonstrated. A physisorbed monolayer is partially removed by laser-induced
thermal desorption and serves as a mask during exposure of the final (chemisorbed) adsorbate species,
thus acting in a manner similar to a monolayer photoresist. The effect, which has been demonstrated
for H/Xe/Si(111)-(7 X 7), permits clean and precise patterning of monolayers of strongly bound and/
or thermally unstable adsorbates. [S0031-9007(97)04325-1]

PACS numbers: 68.35.Ja, 82.65.—i

Patterning of adsorbate layers with submicron resoludesorb strongly bound adsorbates while maintaining high
tion is of importance for a variety of surface science measpatial resolution in patterning. This constraint arises from
surements. Among experiments that may benefit fronthe fact that the spatial pattern in the laser intensity will be
such spatial control of adsorbate density are surface diffueflected in the temperature profile of the surface only if
sion measurements [1], examination of spatially inhomothe laser pulse is sufficiently short for thermal diffusion in
geneous chemical processes [2], differential optical probethe substrate to be ignored. For micron or submicron reso-
[3], and film growth processes. For surface science extution, this criterion generally requires laser pulses of a du-
periments, it is critical to be able to apply patterning toration on the order of nanoseconds or shorter. On the other
well-defined surfaces in ultrahigh vacuum, to avoid con-hand, the short duration of the heating pulse may not al-
tamination on the level of a fraction of a monolayer, andlow sufficient desorption to occur at an acceptable surface
to control adsorbate density with submonolayer precisiontemperature [11,12]. The peak allowable temperature is
One attractive method for attaining these goals is lasembviously constrained by melting the substrate, but may
induced thermal desorption (LITD) [4-7]. The method be further reduced by the occurrence of surface damage or
has the advantage of being applicable to a wide variety oflefects at lower temperatures. To appreciate the scope of
different material systems, since it operates by the comthis limitation, one may consider an Arrhenius expression
mon process of thermal desorption and does not rely ofor the desorption rat® = Ryexp(—Eq/kgT). HereRy
any system-dependent mechanism. The approach is suitenotes the preexponential factay, is the activation en-
able for patterning of large areas simultaneously and caargy for desorptionkg is the Boltzmann constant, arfd
achieve resolution on the order of a wavelength of thas the temperature in K. We may define a characteristic
laserA. For example, by exploiting interference betweendesorption temperaturg; at which desorption occurs un-
two incident laser beams [8,9], one can produce a periodider conditions of conventional heating B(7y) = 1 s~!
modulation of the adsorbate density with a grating spacingnd a temperaturg, required to desorb on the time scale
down toA/2 over a broad area of the sample. Moreover,of 10 ns of many pulsed laser sources. Then for typi-
the LITD method is noninvasive, noncontaminating, andcal values for the prefacta, ranging betweeri0'® and
relatively easy to implement [10]. 109 s™1, one may easily show that, /7, varies between

Despite these attractive features, the LITD technique and 5 (independent @;). While for most physisorbed
suffers from the limitation that it may not be possible to speciesT, is still modest, for strongly bound adsorbates,
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with values of Ty above room temperature, the requiredelectron diffraction (LEED) and Auger-electron spec-
T, may easily exceed the threshold for surface damagéroscopy (AES), at a base pressure below 10~'° Torr.
A second limitation for the LITD process is the possibil- The sample was cut from a phosphorus-doped Si wafer
ity of thermally decomposing a molecular adsorbate rathe(10 {2 cm) and mounted on a liquid He-cooled manipu-
than (or in addition to) desorbing it. This problem may lator. The sample could be cooled to 30 K and heated
preclude the use of the LITD technique for patterning ofto any desired temperature above this value by direct
molecular adsorbates that are thermally unstable. resistive heating. A clean Qill)-(7 X 7) surface was
In this Letter, we present a procedure for circumventprepared by thermal desorption of the native oxide layer at
ing the limitations of the LITD technique for patterning 1260 K. We carefully controlled the peak temperature and
such strongly bound or thermally unstable adsorbates. Thiae cooling rate(<3 Ks™!) to avoid surface roughening
scheme exploits the use of a physisorbed monolayer and the concomitant increase in scattering in the optical
a template for patterning of the desired adsorbate. Thdiffraction measurements discussed below. Exposure
physisorbed layer can be readily patterned by LITD with-of the S{111)-(7 X 7) surface to Xe was performed by
out the use of high peak temperatures. The pattern imsimple backfilling of the UHV chamber. The Xe coverage
posed on the physisorbed layer is then transferred to th&as calibrated by comparison of temperature programmed
strongly bound species through the influence of the physidesorption (TPD) spectra for various exposures with those
sorbed layer on the sticking probability of the stronglyof Bartha and co-workers [14]. In the experiments, a
bound species. The physisorbed species can be consicbverage of 1 monolayer (ML) (defined by saturation of
ered as an ultraclean photoresist, which is removed simplthe TPD peak) was used throughout. In order to dose
by allowing the sample to warm to room temperature. Wewith H atoms, the chamber was backfilled with purified
demonstrate the method by producing a patterned mondd ,, which was dissociated by a hot filament located near
layer of H atoms adsorbed on thg8il)-(7 X 7) surface. the sample. Calibration of the hydrogen exposure was
In this experiment, a Xe monolayer [13,14] is employedalso accomplished by TPD spectra.
for the physisorbed template and a periodic grating struc- LITD on the Xe template layer was performed by a
ture is produced by the interference of two laser beams. single pulse of a frequency-double@d;switched Nd:YAG
The principal steps in the template technique for patiaser operating at a wavelength of 532 nm with a pulse
terning are illustrated in Fig. 1. The first step is the de-duration of approximately 6 ns. We created periodic
position of a monolayer of the physisorbed species usestructures by irradiation of the sample with two over-
to form the template. The second step is the patterningapping laser pulses. For this purpose, the output of the
of the physisorbed monolayer by LITD. In this step, thelaser was split into two beams of equal intensity. The
local temperature rise from the spatially patterned laser rawo beams were polarized and directed onto the sample
diation induces a spatially varying surface density of theat an angle oft2.2° with respect to the surface normal,
physisorbed monolayer. In the figure, spatial variation corfesulting in an interference pattern dfum period. The
responding to a grating structure is shown. In the thirddiameter of the patterned area was a fraction of a centime-
step, the physisorbed template serves as a mask to adsoter, corresponding to nearly 1000 periods of the grating.
tion of the (chemisorbed or thermally unstable) species of In this experiment, the spatial pattern of both the
interest. This produces a spatially varying pattern for theXe template and the transferred H monolayers was that
species of interest that is complementary to the pattern imef a grating structure. As has been demonstrated by
posed on the physisorbed layer. In the fourth and finaBhenet al. and Zhuet al., such monolayer gratings can
step, the physisorbed template is removed simply by heabe probed very sensitively by means of linear optical
ing the sample to its desorption temperature. diffraction [15]. For this purpose, we employed the cw
The experiment was conducted in an ultrahigh vacuunmadiation of an air-cooled Ar-ion laser at a wavelength
(UHV) chamber, equipped with capabilities for low-energy of 514 nm and an incident power of 10 mW. The first-
order diffracted radiation from the surface was detected
® Xe e H by a photomultiplier tube. In order to suppress the
background from diffusely scattered light, a modulation
scheme was employed: The sample was dithered about
its axis, causing the diffracted beam to oscillate slightly

2 )
in an angle. The angle of the sample was modulated by
_ GO0 OO0 e QOO ennonn GO0 3 exciting a torsional resonance of the UHV manipulator
l, o , 4 at 400 Hz using a scanning stage attached outside of the

UHV chamber. This method yields an angular amplitude

FIG. 1. Scheme for patterning of adsorbed monolayers by thgy qscillation of ~1 mrad. In combination with an
template technique: (1) homogeneous physisorbed layer; . . ) .
(2) spatial profile of template layer after patterning; appropriately adjusted aperture in front of the detector

(3) exposure to chemisorbed adsorbate Species; (4) r@nd narrow band electronic amplification at twice the
moval of template by thermal desorption. vibrational frequency, this simple scheme permitted the
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detection of gratings with diffraction efficiencies well necessary to suppress diffusion of the Xe template, since
below 107°. this will wash out its features before the transfer is com-
Before turning to a discussion of the actual transfemplete. To achieve this condition requires a significantly
experiment, a few comments should be made about thiewer base temperature. In the experiments described be-
physisorbed Xe template layer. The choice of a rare ga®w, the sample was held at 40 K. At this temperature
for the template layer is natural in view of the chemicalthe diffraction efficiency from the Xe grating was found
inertness of such adlayers. Xe, as a heavy atom, hasta be stable on the time scale of minutes required to ad-
nominal desorption temperature of about 80 K in convensorb atomic hydrogen.
tional TPD measurements. The calculated desorption tem- Figure 3 traces the steps in the template transfer tech-
perature for nanosecond LITD &f = 250 Kis still quite  nique for H/Xe/Si(111)-(7 X 7) by means of the opti-
low and, indeed, LITD of Xe from metals has been previ-cal diffraction efficiency from the grating structures. The
ously reported [16]. The transient LITD temperature pealsignal, recorded in real time during the experiment, repre-
constitutes, it should be noted, the maximum amount ogents the intensity of the first-order diffraction peak from
heating needed to pattern the sample by the template tectihe 7 wm grating structure. The numbered regions corre-
nique regardless of the nature of the chemisorbed specispond to the different phases of the process delineated in
to which the pattern is transferred. Fig. 1. Initially, there is no appreciable diffraction signal,
For the Xe monolayer to function effectively as a either from the clean $i11)-(7 X 7) surface or from the
template, it must be able to significantly decrease thé&i surface covered by a spatially homogeneous monolayer
sticking probability of the chemisorbed species of interestof Xe (step 1). Upon exposing this surface to a pulse of
The shielding capability of a homogeneous monolayer ofadiation from the two interfering laser beams, we cre-
Xe was examined using optical second-harmonic generate a grating in the Xe coverage. Since the diffraction
tion (SHG), excited by aQ-switched Nd:YAG laser at measurement is being carried out simultaneously in real
1064 nm, as a probe. While the SHG signal is virtuallytime as this grating is formed, we see an abrupt jump in
unaffected by the Xe layer, it is very sensitive to adsorbedhe signal as the Xe grating is established (step 2). The
hydrogen [17]. The modified sticking coefficient could be next significant change in the diffraction efficiency occurs
determined by normalizing the rate of H uptake relative toupon exposure of the sample to H. The large increase in
the clean surface. The results displayed in Fig. 2 indicaténhe diffraction efficiency seen in Fig. 3 was obtained for
that the sticking coefficient of H is reduced by a factor of 2an exposure of H leading to 0.15 ML of H adsorption on
for a nominal monolayer coverage of X®i(111)-(7 X 7)  the clean Sil11)-(7 X 7) surface. The diffraction signal
[18]. This reduction is sufficient to allow for a significant corresponds to a surface covered with interwoven Xe and
spatial modulation of the hydrogen coverage imposed by gratings (step 3). Up to this point, the sample was held
the physisorbed Xe monolayer, as demonstrated in that a temperature of 40 K, preventing appreciable diffusion
grating experiment below. In order to achieve maximumor desorption of either Xe or H. In the last step, we allow
contrast, higher Xe coverages may be used that diministihe sample to return to room temperature, which results in
hydrogen sticking by more than 1 order of magnitude. the desorption of the Xe template. The diffraction signal
Clearly, to transfer the pattern of the Xe template, thedrops to the final value for diffraction from the desired H
adsorbed Xe must not desorb before the H exposure imonolayer grating (step 4) [19]. It should be noted that,
complete. This criterion can be readily met by maintain-while a diffraction method has been used as a probe of the
ing the sample temperature slightly below the nominal
TPD desorption temperature of 80 K. However, it is also
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process corresponding to Fig. 1: (1) exposure to Xe; (2) pat-
FIG. 2. Relative sticking coefficient of atomic hydrogen on terning of Xe by LITD; (3) exposure to H; (4) thermal desorp-
Si(111)-(7 X 7) as a function of the Xe precoverage. tion of Xe template.
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