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Measurements of the thermal desorption of methyl bromide (MeBr) from bare and RS-functionalized GaAs-
(110), where R= CH; and CHCH,, reveal marked systematic changes in moleeslaface interactions. As

the thickness of the organic spacer layer is increased, the electrostatic-K8aBs(110) interaction decreases,
lowering the activation energy for desorptids,, as well as decreasing the critical coverage required for
nucleation of bulklike MeBr. On the GJ&€H,S-functionalized surfacd, is lowered to a value roughly equal

to that for desorption from three-dimensional (3-D) clusters; because the kinetics of desorption of isolated
molecules differs from that for desorption from clusters, desorption of isolated molecules from the organic
surface occurs at a lower temperature than desorption from the clusters. Thus, the “monolayer” desorption
wave occurs at a lower temperature than the “multilayer” desorption wave. These results illustrate the role
that organic chain length in nanometer-scale thin films can play in alteration of the delicate balance of interfacial
interactions.

Introduction in part, as “spacer layers”, intervening, either actively or
passively, between the surface of a solid and the physicochem-
. P ) ical phenomena occurring at or near its surface. Such nanoscale
deliberate tailoring of materials at nanometer-length scales CaNgpacer layers can range from simple noble gases to SAMs of
lead to n_ovel and/or enhanced functhnallﬂas_nder_s_tandmg .__functionalized long-chain organothiols. Often it is important that
the p_hyS|caI bases for S.UCh chan_ges in f_unctlonalmes réquireSine molecules comprising the spacer layer be covalently bound
ato dmlt():-lfvel underlstanldmg of(;he mteractllonsk?mct)ng rSnoItecuIetstO the substrate surface because, for single-molecule-thick spacer
and between molecules and nanoscalé objects. systema '?ayers, more loosely bound species, e.g., noble-gas atoms, cannot
_expenmental appr_oaches to achleylng SUCh_ understandmgprevem percolation of more strongly bound, e.g., dipolar
'n)zlorlr:/iﬁindei(;ﬁ":pot?”;g the ]Prrc])tilie? :cnotl?mc;mistgultiant Ap\)?rtsi olr molecules, to the substrate surfd&én all cases, it is important
exa g Interactions as a function of dimensionality. Alogical ., nqerstand molecular interactions at the surfaces of the spacer
point to conduct such studies is to examine interactions betweenl‘,leers to perform and interpret the experiments involving them.

molecules and single-molecule-thick thin films on planar ) . ) ; .
surfaces. Studies of the variation in molecular adsorption behavior with

A study of molecular layers on planar surfaces is a useful molecular configuration on organofunctionalized solid surfaces,
starting point because understanding the stability and structure fgﬁgé?ﬁﬁgﬂ%ﬁf’er;i\;fugyjfévzg;ﬁnﬁs O;xz:'oéf[iscgeicntm?jfs
of thin atomic and molecular layers has implications in many TPD . infrared refl )tll & absorption i g [59'209t ndardl 9
areas of thin-flm science and engineering. For example, d ’ lae el %Cél())( @ sohp to lsp(;,\c 0sco t' standa
monolayer and ultrathin multilayer films have been used as the and angie-resolved A-ray photoelectron Spectroscopy, sum-
basis for the study of phenomena as diverse as wettihgrge frequency generathn (SFCG) spectroscébys,nq H.e dlffrap-
attachment t6>6and transfer throudt¥:° molecular thin films, t|on.2f"25 These studies range from the examination of simple
charge transfer in electro-chemical systéfimganic overlayer Etorglc dadsolrbatles, suchhas noble gééassltronglry]/ hydr%gc'g"
growth and ordering-12two-dimensional (2-D) melting and onde 1";? ecules, such as water, to long-chain t
the formation of nanoparticles using buffer layé§.16 and alcoholg122 of varying chain length. Such experiments have;
reactive layerd’ One class of monolayer, organic self-assembled e_xplqred the dependence of overlayer st_ructur_e an_d desor_ptlon
monolayers (SAMSs), has been the subject of numerous studiesk'_net'cs on the balance struck among dispersion interactions,
dealing with potential applications in research fields as diverse diPolar forces, and hydrogen bonding. These studies have
as molecular recognition, photoresists for microstamp-lithog- 9€nerally confirmed the intuitive understanding that strongly
raphy, surface biology and biochemistry, chemical force mi- intéracting adsorbates, i.e., those that interact via dipdifgole
croscopy, surface passivation, alignment of liquid crystals, and OF hydrogen-bqndlng interactions, wet hydrophilic surfaces but
pH-sensing devicesln many instances, molecular layers act, Nt hydrophobic surfaces.

We report here the results of a relatively simple experimental
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nicholas@bnl.gov. modification of the interface by introducing sub-nanometer-thick

10.1021/jp0606659 CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/20/2006

A key challenge in nanoscience is understanding how
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organic spacer layers between the molecule and the solid surface.
The experiments involve temperature-programmed desorption
(TPD) of methyl bromide (MeBr) from bare and organosulfur-
functionalized GaAs(110). MeBr serves as a “probe” species,
and CHS- and CHCH,S- serve as relatively robust spacer
layers. We have chosen this model system for several reasons.
First, the GaAs(110) surface is relatively easily and reproducibly
prepared. Also, MeBr is a well-characterized molecule, as are
its interactions with the GaAs(110) surfa®e&’ These earlier
studies showed that the adsorption of MeBr on GaAs(110) is ‘kxz J\ ©)
molecular, with a binding energy-Q.5 eV) falling at the border 0.0 200 400 600 800
between chemisorption and physisorption. Ab initio calculations T /K

. . . surface

indicated that a small amount of charge, approximately 0.05 ) )
electron, is transferred from the Br to the Ga, likely the result Elgeucrt?aléf %)’"R/Ip:é'aorzbg’fhége ;ﬁg‘?g’%”@g?:gg?&mggAOS"(?ﬁ’BF)’“°"
of _0\_/erlap of a Br Ipne pair with the ‘?mPty Qa)rbltal. _More sErface. The spectra'are disp'Iaced vertically for clarity and scaled as
striking, however, is the charge redistribution experienced by ngicated.

both the molecule and surface atoms at the binding site; a

polarizing electrostatic interaction acts to increase the MeBr ) o )
dipole by about 25%. This charge redistribution is mirrored in N Figure 1a. These peaks have very different activation energies
the Ga and As atoms at the binding site, resulting in strong Of desorption,Eq. For the first and second monolayers, we
dipole—dipole interactions between adsorbate and surface eStimateEqto be 0.81 and 0.34 eV, respectivélyThe disparity
dipoles?’ Thus, the insertion of a nonpolar spacer layer would N these values indicates that the MeSBaAs(110) bond is
be anticipated to decrease the adsorbed-moleulgace stronger than would be expected were it physisorbed, suggesting

interaction; increasing the thickness of the spacer layer would SOMme degree of molecular chemisorption, perhaps due to a
act to further decrease the strength of this interaction. Note thatydrogen-bonding interaction. M# also adsorbs molecularly,

both the GaAs surface and a nonpolar surface layer would alsoPut exhibits at least two and possibly three distinct desorption
contribute an additional binding term due to the induced-dipole  P&aKs in the first monolayer (Figure H)with the most strongly

induced-dipole attraction (the so-called dispersion or London Pound havingzs = 0.79 eV, suggesting molecular chemisorption

forces). Thechangein the dispersion interaction, i.e., the similar to that of the_thiol_.
difference between the MeBICH3S/GaAs(110) and MeBr In contrast, MeS; is unique among the three methyl orga-

CHsCH,S/GaAs(110) dispersion interaction, is expected to be nosulfur molecules in that it adsorb; disgociatively; the TPD
considerably smaller in magnitude than the change in the data (F|gu_re 1c) suggest that b dls_somates to form two
MeBr—GaAs(110) electrostatic interaction. methyl thiolate moieties. Upon heating, the surface-bound

. thiolates react to evolve M8, which desorbs at-500 K,
Our choice of organosulfur compounds as spacer-layer

. : . - corresponding to a value fdgy of 3.2 eV, using Redhead’s
molecules was motivated by studies of their adsorption on the method* assuming second-order kinetféBecause it dissoci-

8 9,30,31,3 i i I . ) . . . i
(110y°and (100} Aaces OT this parUcngr semlconduc.tor ates, the disulfide yields surface species that are significantly
and governed by several considerations. First, to conveniently more strongly bound to GaAs than do MeSH or fde
and reproducibly prepare high-purity spacer layers in UHV, the Furthermore, the absence of th&00 K peak from the TPD

constituent molecules should have a vapor pressure in or nearspectrum of MeSH is consistent with our assertion that thelS

the Torr range. The molecules should be nonpolar yet have a4 remains intact when these molecules adsoratK 2835
chemical affinity for the GaAs surface. They should also |, aqgition, separate surface photochemical studies of MeSH
comprise a homologous series, such that their length may bey, Gaas(110) have shown that UV irradiation efficiently cleaves
varied. The end of the molecule expoged to the vacuum shouldihe s—H bond25 In contrast, thiolates on GaAs(110) produced
be chemically inert with respect to the dipolar “probe” molecule. by MexS, exposure show a cross section for UV photoreaction
In addition, with a view toward planned future experiments ¢ is more than an order of magnitude smaller than that of
involving UV photoinitiated chemistry at the organic spacer \jesH3sfurther illustrating the robustness of monolayers grown
layer surface, once bound to the surface, the spacer-layeryit dimethyl sulfide. More details on the chemistry of the three
molecules themselves should be resistant to UV-induced renresentative organosulfur molecules on GaAs(110) can be
photochemistry. Covalently bound thiolates, such as those thato,ng in ref 28. The thermal chemistry of M& on GaAs-
have been used with great success to form well-ordered SAMS, 110) is reviewed below for the purpose of comparison with
particularly on gold surface, meet all of these criteria. new TPD results for (CECH,S), (abbreviated B8,).

To prepare thiolate spacer layers in these experiments, itwas Here, we report the in-vacuo deposition of the two shortest
necessary to dissociatively chemisorb disulfide compounds. alkyl disulfides for use as spacer layers of differing thickness,
When dosed in UHV, the alkyl disulfides form robust covalently allowing studies of MeBr adsorption atop organic thin films at
bound monolayers on GaAs(110), as compared to more looselya controlled distance from the underlying GaAs substrate. We
bound thiols and dialkyl sulfides. The variation in the moleeule  have performed our experiments at the short-chain limit, using
GaAs(110) bond strength for these three classes of organosulfuspacer-layer molecules containing one and two carbon atoms,
compound® is illustrated by comparison of TPD spectra of where we expect the changes in moleetsarface interactions
the representative organosulfur molecules methanethiot{CH to be the most significant. We find that the MeBr-adsorption
SH), dimethyl sulfide [(CH).S], and methyl disulfide [(CES)], growth modes are markedly modified from those on the bare
abbreviated MeSH, M&, and MeS,, respectively. As shown  surface and that as the distance between the GaAs surface and
in Figure 1, their TPD spectra indicate distinctive adsorption/ the MeBr increases, the activation energy of desorption for the
desorption behavior. MeSH adsorbs intact and exhibits well- MeBr at low coverages decreases, indicating a decrease in the
defined first- and second-monolayer desorption peaks shownstrength of the surfaceadsorbate interaction. Furthermore, as
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the surface-adsorbate interaction strength decreasesglative
strength of the adsorbat@adsorbate lateral interactions is
enhanced. This is most dramatically seen for MeBr adsorption
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The experiments are conducted in a surface analysis system, g 0.0
S
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T;wface/ K
Figure 2. TPD spectra for Mg, from GaAs(110). Desorption waves

which has been described elsewh&&he system consists of
a multilevel UHV vessel (base pressure2 x 10710 Torr)
equipped with a low-energy electron diffraction (LEED) system,

a quadrupole mass spectrometer (-QMS)’ an eﬁusive-.beamforthe intact molecule from the second layert50 K, and for MeS
p!nhole gas doser, and a crystal manipulator cooled .W'th liquid at ~500 K, are readily identified. The speil:tra are di'splaced veertically
nitrogen (LN,). For temperature-programmed desorption (TPD) for clarity and scaled as indicated. Thee values of 94, 62, 47, and
experiments, the crystal is heated by passing a computer-15 correspond to M&,", Me,St, MeS', and Me" ions, respectively.
controlled current through the Mo foil on which the crystal is

mounted so as to raise the crystal temperature at a constant ratgressure, typically 5 Torr, for a predetermined period of time
of 2.5 K/s. The QMS is housed in a separate, differentially (~80 s was found to be equivalent to 1 ML). The volume behind
pumped chamber that is joined to the surface-analysis chambetthe pinhole can be abruptly~( s) filled and evacuated,

by a 3-mm aperture. The doser consists ofGa01-mm aperture  providing a well-defined exposure period. This method affords
mounted~10 cm upstream of the end of a stainless steel tube coverage reproducibility better than 2% of a monolayer. For
with an inside diameter of 6 mm. This arrangement affords TPD- the experiments involving the adsorption of MeBr on the EtS
desorbate-flux measurements with low background levels. The monolayers on GaAs(110), the routinely achieved surface base
temperature ramp is computer controlled using a proportional- temperature 0f90 K was not cold enough to prevent annealing
integral-differential feedback loop. Data are collected from the of the MeBr layer (as discussed in further detail below).
output of the continuous-dynode electron multiplier of the QMS; Therefore, it was necessary to pump on the space above the
each point is the average over 100 samples measured at a rateN, in the cryostat with a mechanical pump to lower the;LN

of ~1 kHz, and the data are presented as acquired withoutpoiling point. With this technique, we were able to achieve

further smoothing.
The 1 x 1 x 0.1 cn? GaAs crystals [Atramet, (110)
orientation, n-type, Si-doped, 1>4 107 cm2 carrier concentra-

surface temperatures below 80 K. For MeBr adsorption on bare
and MeS-covered GaAs(110), the routinely achiewe®D K
base temperature was sufficiently low.

tion] are cleaned after their introduction into the UHV system
by cycles of AF sputtering and annealing at 840 K. The surface Resuits
order of the clean crystal is judged by the observation of a sharp,
intense, low-background-level LEED pattern at room temper-
ature and low incident-electron energies20—30 eV).
Organosulfur monolayers were formed by the following
protocol. First, the methyl disulfide [(G4$),, Aldrich, 99.5%)]
and ethyl disulfide [(CHCH,S),, Aldrich, 99%)] were purified
by removal of volatile contaminants by freezeump-thaw
cycles. The crystal was exposed to the effusive flux oLb84e
(EtzSy) for 4 min (10 min) at 300 K and then allowed to cool
over a period of approximately 2 min to 100 K while still under purpose of comparison with the more recentSzispectra.
the flux. The flux was then terminated, and the methyl thiolate  Figure 2 shows selected spectra collected during the TPD of
(ethyl thiolate) film was annealed by ramping to 300 K (350 Me,S, from GaAs(110) recorded with the QMS set to monitor
K). Deposition during cool-down encouraged rapid monolayer species with mass-to-chargavé) ratios equal to 94, 62, 47,
saturation, and the postdeposition annealing desorbed anyand 15. Two distinct low-temperature features are discerned: a
molecules in excess of a saturated monolayer. We believe thatwell-developed peak at-150 K and a low-intensity tail,
the 306-350 K deposition temperature is high enough to comprised of two broad features, trailing off 16450 K. The
promote adsorbate surface diffusion, and TPD measurementsyell-developed peak is assigned to molecular desorption of the
indicate that it is low enough to prevent significant desorption physisorbed MgS, bilayer. The low-intensity tail is assigned
of the dissociatively adsorbed thiolates. Our procedure wasto desorption from defects in the substrate and/or the nascent
found to provide a film relatively free of defects as determined chemisorbed monolayer beneath the second layer. Neither the
by the absence of defect-related desorption signatures (low-molecules comprising the peak at 150 K nor those in the higher
intensity peaks at temperatures above that of the monolayertemperature tail have undergone a chemical transformation at
desorption wave) in subsequent MeBr TPD spectra. Furtherthe surface. This conclusion is supported by the fact that the
work, involving scanning probe microscopy or surface diffrac- ratios of the intensities of these desorption features measured
tion, should be performed to quantify the order of these films. at nv/e values corresponding to those of the principle daughter
Methyl bromide (MeBr, Aldrich, 99.5%) was used without ions of MeS; are in close agreement with the ratios measured
further purification. Overlayers were grown by exposing the by directly leaking MeS; into the QMS. In addition, application
LN,-cooled crystal to the flux generated by expanding the MeBr of the Habenschaden and ppers (HK¥’ leading-edge analysis
through the pinhole doser from a fixed volume at a known initial to these data give the activation energy of desorption for the

A. Chemistry of Organosulfur Molecular Spacer Layers.
The first phase of our experiments involved understanding the
chemistry of the formation of the alkyl-sulfide spacer layers by
reaction of the corresponding alkane disulfides, i.e.;$4er
Et,S, on the GaAs(110) surface. In this section, we present TPD
studies of these molecules after adsorption on GaAs(110) at
~90 K. More extensive Mg, desorption spectra have been
published elsewherg,and these data are presented here for the
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peak at~150 K to be in reasonable agreement with the bulk
heat of vaporizatiof?38

In contrast to the data for the desorption of physisorbed
Me,S,, the desorption waves at significantly higher temperatures
indicate that a chemical reaction between the surface and
molecules in the first monolayer has occurred. Specifically, we
observe two peaks in the/e = 15 desorption signal; one at
~500 K and a second at670 K. As explained in further detalil
in ref 28, these features are assigned, respectively, to: (1)
associative desorption of chemisorbed methyl thiolates (MeS)
resulting in the elimination of a sulfur atom to yield dimethyl OE— . . .
sulfide (MeS), and (2) decomposition of the methyl thiolates 200 400 600 800
resulting in the desorption of GHBoth processes result in the Touruce! K
segregation of sulfur to the GaAs surface. An analysis basedFigure 3. TPD spectra for &6, from GaAs(110). Desorption waves
on the cracking patterns of the relevant species allowed us tofor the intact molecule from the second layert75 K, and for E£S

estimate the relative yield of the two processes to be 95 and at~ 8(.) K, are readily ident!ﬁed' he spectra are displaced vertically
- . for clarity and scaled as indicated. Thee values of 122, 90, 61, and
0 8 F » U, 01,
5%, respectlvely‘. urthermore, the M& desorptlon feature 29 correspond to B, EtLS', EtS, and Et ions, respectively.

(see Figure 2im/e = 62) is generally symmetric, and analyses
of the coverage dependence (data shown in ref 28) indicates

0.5
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that the evolution of MgS follows second-order kineti@& Note due to decomposition at defect sites on the GaAs(110) and/or
that in a separate set of experiments, we found that desorptiondecomposition of single EtS adsorbates that do not encounter
of Me,S following UV-induced cleavage of the Me$ bond other EtS adsorbates during the temperature ramp and are thus
followed the same kinetic¥.The weight of this evidence argues unable to react to evolve 5.
in favor of the conclusion that the majority of the Mg The desorption of ethyl fragments-a600 K is of some note,
molecules in the first monolayer dissociate to form a methyl because it provides further insight into the surface chemistry
thiolate (MeS) monolayer. through comparison to thermal desorption observed following
We can summarize the above description obSiehemistry the generation of surface-bound ethyl fragments by a different
on GaAs(110) with the following equations: process. Specifically, in previous work we have reported the
UV photoinduced dissociation of EtBr on GaAs(1$#®)n these
T~85K experiments, the EtBr bond cleavage is induced by exposure
CH,SSCH (9) CH,SSCH (ad) @) to UV light, and the ejected and trapped photofragments are
100K < T < 350 K monitored with the QMS during UV exposure and in post-
CH,SSCH (ad.6 > 1 ML) CH,SSCH, (0) irradiation TPD, respectively. In these measurements, the
(2 surface-bound ethyl fragments generated by UV exposure were
T <350K found to desorb at the same temperature (600 K) as the ethyl
CH,SSCH (ad,0 < 1 ML) 2CH;S (ad)  (3) fragments created by thermal reaction offzwith GaAs(110).
T~ 500K This agreement supports our assignment of the 600 K feature
2CH,S (ad) CH;SCH; (g) + S (ad) (4) in Figure 3 as surface-bound ethyl fragments and argues strongly
T> 800K in support of the conclusion that the kinetics of the high-

xGa (surfacejry S (ady———GaS, (9) () temperature ethyl desorption wave is limited by the cleaving
of the Et-GaAs bond following decomposition of the molecule
The first equation describes the initial physisorption. The second at the surface, and not by the decomposition process itself.
describes thermal desorption of molecules from the second or Previously, in our study of M&,/GaAs(110), we were unable
higher molecular layer. The need for thermal activation for the to draw similar conclusions regarding the production of surface-
third step is not unambiguously established; the evidence bound methyl fragments because UV-induced dissociation of
suggests that the reaction proceeds spontaneously at som&leBr on GaAs(110) does not leave measurable quantities of
temperature below-350 K28 Reaction 4 describes the subse- methyl fragments bound to the surfa®e-However, we have
guent thermal reaction of the trapped MeS species to evolve been able to observe surface-bound methyl fragments on GaAs-
desorbed MgS at~500 K and produce a surface-bound sulfur (100)4° In light of the agreement of the desorption temperatures
species. Evidence of the sulfur product in reaction 4 is found for the ethyl fragments generated thermally fromSztand
in the desorption of a gallium sulfide moiety, reaction 5, photochemically from EtBr, we now believe that the agreement
observed atm/e = 101 with an onset of+780 K (data not between the~670 K desorption temperature for methyl frag-
shown). ments created on GaAs(100) by UV-induced MeBr dissociation
The desorption spectra forfS evidence a very similar type  and on GaAs(110) by thermal M® reaction indicates that the
of physicochemical interaction between&tand GaAs(110) kinetics of the high-temperature methyl desorption wave is
as was observed for M&. Figure 3 shows molecular-desorption limited by the cleaving of the MeGaAs bond following
peaks for the parent moleculeall75 K, and the evolution of  decomposition of the molecule at the surface, and not by the
Et,S (me = 90) peaked atv480 K. These data indicate that decomposition process itself.
the EgS, undergoes the same dissociative adsorption and The facts that (1) the ethyl desorption peak occui® K
associative sulfur-elimination processes as the methyl homo-lower in temperature than that of the methyl, and (2) th&SEt
logue. As in the case of M&,, the desorption of ethyl fragments  peak occurs-16 K lower than that of the M& can be explained
at high temperature is clearly a minority process compared to by consideration of the €S bond strengths reported for the
the associative sulfur-elimination process that results in the molecules MeSH, M£5,, EtSH, and MegEt. In both homolo-
evolution of EtS. Likewise, as in the case of ¥#®, we expect gous pairs, i.e., MeSH/EtSH and Ma/MeSEt, the ES bond
that the production of surface-bound ethyl fragments may be is found to be ~4 kcal/mol (0.17 eV) weaker than the
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corresponding Me S bond* Assuming that the bond strength 2 1.00

between the organic moiety and the GaAs surface shows a 5

similar behavior, one would expect the ethyl fragment to desorb B o5l 2t

at a temperature lower than the methyl. On the same basis, s

cleavage of the EtS bond during the molecular rearrangement 5 1

to form E&S from 2 EtS-GaAs(110) would be expected to < 050f

occur at temperatures somewhat lower than that for-Ble = 0% 100156
cleavage to form MgS from 2 MeS-GaAs(110), resulting in a N 025} T/K
lower desorption peak temperature for theSEproduct com- e%o

pared to that for the M. This behavior is distinct from that E 0.00 NS

of both physisorbed and chemisorbed sulfur-containing hydro- 0) ’ 1(')0 15‘0 200 250 300

carbons on Au(111); desorption enthalpies of the physisorbed
speciesncreasewith increasing molecular size, closely tracking Luruce! K

the bulk heats of vaporization, whereas those of the chemisorbedrigure 4. TPD spectra for MeBr from bare GaAs(110). Coverages
species arendependentf chain lengtH2 In contrast, our results are 0.08, 0.23, 0.46, 0.62, 0.77, 0.93, and 1.4 ML, from bottom to top.

indicate that in the cases of the ethyl and methyl fragments and "€ Spe‘gg;‘re displaced Ve”icda"y t‘:‘?rﬁ'amy' (Inset) 'éow'temperat“rf A
; range o spectra measured at higher coverage. Coverages are 1.4,
the EpS and MeS products desorbing from GaAs(110), the 1.9, and 2.8 ML, from bottom to top. Note that the range of the

energetics are not dominated by attractive lateral interactionsemperature scale of the inset is smaller than that of the main plot.
among adsorbates, but rather by the strength of the adserbate
surface bond, and the strength of that bond is greater for the 180
Me species than for the Et species.

B. Tuning Molecule—Surface Interactions.Our presentation 170
of the MeBr TPD studies begins with results for adsorption on
the clean GaAs(110) surface to establish a basis for comparison 160
with adsorption on the organo-functionalized surfaces. Next,
we present TPD measurements of MeBr adsorbed ogSE€H
and CHCH.S-functionalized GaAs(110), hereafter abbreviated
MeS/GaAs(110) and EtS/GaAs(110), respectively. We detail the
marked and systematic changes that we observe in the MeBr
desorption and consider their implications regarding how tuning
the molecule-surface interactions affects the structure and
growth-mode of the MeBr overlayer.

C. MeBr Adsorption on Bare GaAs(110).Previous studies
have examined the adsorption of MeBr on GaAs(2¢0).these
experiments, as in the current work, dosing was accomplished 120
at ~85 K, and the adsorbed layer was, except for limited
reactions at defect sites, comprised of the intact molecule bound 110 ¢ ]
to the surface and oriented by strong electrostatic fotees! - ,
Growth was believed to proceed essentially stepwise, layer-by- 0 1 2
layer, from monolayer through trilayer. The activation energy
for desorption of the monolayer was found to be coverage 9 / ML
dependent, decreasing with increasing coverage due to repulsivésigure 5. Monolayer desorption peak temperature versus coverage
dipole—dipole forces among the surface-aligned molecular for MeBr from (a) bare GaAs(110), (b) MeS/GaAs(110), and (c) EtS/
dipoles?645> At the limit of zero coverage, a value fdty of GaAs(110) at coverages in the-2 ML regime. The inset of (b) shows
0.47 eV was derived using Redhead’s metfblh the present the behavior at higr_ler_coverage f_or desorption of MeBr from MeS/
experiments, for the purpose of comparison with results for the G2AS(110). The solid lines are guides to the eye.
organofunctionalized surfaces when the desorption order is not
known a priori (see below), we have used the leading ¥dde  guantitatively compare the coverage dependencies of the MeBr
the desorption wave to determilig at a given coverage. For  gesorption features on the three surfaces examined in these
reference, we note that at a coverage of 0.3 ML, the HK leading experiments. With regard to the desorption behavior of the first
edge analysis giveRq equal to 0.53 eV for MeBr desorption  monolayer of MeBr from the bare GaAs(110) surface, Figure
from the bare GaAs(110) surface. 5a shows a sharp initial shift in the position of the monolayer

Figure 4 shows TPD spectra collected at several values of desorption wave peak, with a slope {—36) K/ML in the
coverage from 0.08 to 2.8 ML. There are three salient features0—0.5 ML range. The rate of the shift transitions in the-0.5
to notice. First, peaks corresponding to monolayer, bilayer, and 1.0 ML range to a much shallower slope o{—1.3) K/ML
trilayer desorption are clearly distinguished. Second, the onsetnear saturation coverage, a weak trend compared to our
of growth of the bilayer desorption feature is not observed until estimated uncertainty{ 1.5 K) in determining the peak position
the monolayer feature is close to saturation. Third, the shift in and the relatively narrow coverage range over which the
the position of the peak of the monolayer desorption wave to measurements were made.
lower temperature with increasing coverage is obvious. The To quantify the growth, the TPD spectra were analyzed by
position of the peak in the monolayer desorption wave as a separating the integrated intensity under the TPD curves into
function of coverage is plotted in Figure 5a. We will refer to the contributions due to the monolayer, bilayer, and trilayer. In
these data, along with those for the organofunctionalized this analysis, the total integrated intensity was found to increase
surfaces (Figure 5b,c), in subsequent sections of this paper tdinearly throughout the coverage range explored here, indicating
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Figure 6. Coverage dependence of the desorption spectra of MeBr Figure 7. TPD spectra of MeBr from EtS/GaAs(110) at coverages
from MeS/GaAs(110) in the low-coverage regime. Coverages are 0.10,equal to 1.1, 1.2, and 1.5 ML, from bottom to top. (Inset) Enlarged
0.15, 0.20, 0.30, 0.46, and 0.61 ML, from bottom to top. (Inset) portion of the leading edge of these spectra showing the shoulder at
Coverage dependence of the desorption spectra of MeBr from MeS/~105 K in the 1.2 ML spectrum suggestive of the presence of a small
GaAs(110) in the high-coverage regime. Coverages are: 0.61, 0.91,fraction of a monolayer of second layer admolecules.
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bare surface and the functionalized surface. As shown in the

a constant sticking coefficient. The monolayer, bilayer, and inset of Figure 6, as the coverage is increased, instead of a
trilayer intensities exhibited a layer-by-layer growth modality continued, although slower, decrease in the desorption temper-
that was not completely ideal: the bilayer began to grow after ature as observed on the bare surface;@6 ML the trend is
the monolayer was-70% complete, and the trilayer began to reversed and the peak desorption temperature begins to increase.
grow after the bilayer was' 70% complete. The saturation value Furthermore, the shape of the desorption wave changes. At
for the monolayer was used to define single monolayer coverage;coverages below~0.6 ML, the desorption wave is roughly
the 1 ML exposure-time equivalent, namely the time required symmetric; however, as the coverage is increased, the high-
to expose the surface to a fluence of molecules equal to 1 ML, temperature side of the desorption wave takes on the form of a
is used throughout this work as the definition for 1 ML coverage. sharp edge, which shifts to higher temperature with increasing

D. MeBr Adsorption on MeS/GaAs(110).Figure 6 displays coverage. The form and coverage dependence of the higher
the coverage dependence of the TPD spectra of MeBr desorbingcoverage desorption waves are characteristic of zero-order
from a MeS,-modified GaAs(110) surface, i.e., a surface desorption. In addition, no new desorption features are observed
functionalized with a MeS monolayer. As expected, the TPD at coverages up to at least 7 ML, consistent with desorption
data show some significant differences in the MeBr desorption from bulklike three-dimensional (3-D) clusters.
behavior compared to that found for the bare GaAs(110) surface. Finally, Figure 7 shows that the leading edge changes its slope
There are also some similarities between the two data sets. Fobetween 1.0 and 1.5 ML, exhibiting a slight shoulder&i05
example, note that the desorption peaks have a comparable&K during desorption of 1.2 ML of MeBr. This subtle behavior
temperature width to those for the bare GaAs surface, suggestingvas reproduced for each TPD measurement in this coverage
that the underlying MeS layer is uniform and of good quality. regime. Though subtle, we believe it is significant, in particular
Notice also that for coverages less thad.6 ML, the desorption because it occurs at a coverage very nearly equal to 1 ML. As
peak shifts to lower temperature with increasing coverage, asexplained further below, we tentatively attribute this behavior
was true in the case of the bare GaAs, cf. Figure 5a,b. Thoughto the transition between the first- and zero-order regimes, which
the decrease in the value of the peak temperature is not linearoccurs as the coverage just exceeds 1 ML.
with coverage, the rate of the decrease at covera@e25 ML The coverage dependence of the desorption behavior can be
is roughly —54 K/s, in general agreement, though somewhat explained by phase changes in the MeBr layer. Though
larger in magnitude, than that observed for desorption from bare somewhat speculative, the following scenario explains the
GaAs. Thus, we interpret the shift as being due to repulsive qualitative features of the data: At coverage8.5 ML, the
lateral interactions. adsorbed MeBr dipoles are parallel and thus repelling, resulting

With regard to the differences between the MeS/GaAs(110) in a decrease in the desorption-peak temperature with increasing
and the bare GaAs(110) surfaces, we first note that in the coverage or decreasing intermolecular spacing. This behavior
monolayer coverage regime the desorption temperaturesire  is identical to that on bare GaAs; however, on the bare surface,
K lower than for the bare GaAs surface, indicating a significant the decrease is throughout the entire submonolayer range. In
decrease in the strength of the moleetdarface bond due to  contrast, on the MeS-functionalized surface, at coveragk6
the insertion of a spacer layer. This is a reasonable result givenML, the peak temperature of the desorption wave stops shifting
the electrostatic nature of the binding of MeBr to the (110) GaAs to lower temperatures and remains nearly constant until the
surface?” The molecule-surface bond is expected to be weaker coverage reachesl ML. This is consistent with a change in
in the presence of an organic spacer layer for at least threestructure at a coverage of about 0.5 ML. We suggest that this
reasons: (1) the spacer layer prevents overlap of the Br loneis a result of antiferroelectric ordering of the molecular dipoles
pair with the Gap orbital, (2) the MeBrGaAs interaction into a structure similar to that observed in taeb plane of
decreases as the distance between the molecular ards5a  bulk crystalline MeBr® Such a structure is consistent with
surface dipoles increases, and (3) theHCbonds in the methyl diffraction measurements of MeBr monolayers on LiF(001),
moiety at the top of the MeS/GaAs(110) surface have much NaCl(001), and C(000£f4748This switch to an antiferroelectric
weaker permanent dipoles than does the GaAs surface. ordering at~0.5 ML does not occur on the bare GaAs surface

Further comparison of Figures 4 and 6 and Figure 5a,b revealwhere the overlap of the Br lone pair with the @arbital and
a marked qualitative difference between the adsorption on the strong molecular dipotesurface dipole interactions determine
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Figure 8. Coverage dependence of the desorption spectra of MeBr Figure 9. The effect of pre-TPD annealing at 90 K on the TPD
from EtS/GaAs(110) in the low-coverage regime. Coverages are 0.01, spectrum of MeBr from the surface of EtS/GaAs(110). The spectrum
0.05, 0.10, 0.20, 0.30, and 0.60 ML, from bottom to top. (Inset) consisting of a single high-intensity peak at 105 K is of desorption of
Coverage dependence of the desorption spectra of MeBr from EtS/an as-deposited MeBr overlayer. The remaining spectra were taken after
GaAs(110) at higher coverages. Coverages are: 0.60, 0.91, and 1.2Zannealing for 2, 5, and 8 min. (short-dashed, long-dashed, and solid
ML, and spectra are displaced vertically for clarity. lines, respectively). (Inset) Integrated intensity of the MeBr desorption
features: total TPD signal)), the low-temperature desorption wave

. . (@), and the high-temperature desorption walk. (
the molecular orientatiof. However, the presence of the spacer

layer would prevent the orbital overlap and weaken the dipole indicating the formation of 3-D clusters. Interestingly, as the
interactions sufficiently to allow lateral interactions among coverage increases, the magnitude of the low temperature peak
adsorbed molecules to dominate at higher coverage. With furtherdecreases, whereas that of the higher temperature peak con-
increasing coverage, atl ML, a second transition occurs, comitantly increases. A plot of the integrated area under the
indicated by subtle changes in the leading edge of the desorptionTPD curves vs exposure (data not shown) shows that throughout
curve, which we attribute to second-layer admolecules randomly the entire range of coverage, the integrated TPD signal increases
adsorbed atop the first monolayer with the same structural phaselinearly, indicating a constant sticking coefficient. This indicates
This structure is supported only over a narrow coverage range,that with increasing coverage, the high-temperature feature is
as beyond 1.2 ML, the TPD indicates zero-order desorption, “borrowing” intensity from the low-temperature feature. Finally,
which we attribute to the formation of 3-D clusters. we note that a unity sticking coefficient and stable TPD data
E. MeBr Adsorption on EtS/GaAs(110).Figure 8 shows for this system are only obtained at temperatures bel@0
measurements of the TPD of MeBr from the surface of a sample K, as explained in the following paragraph.
prepared with an EtS layer formed by:&tchemisorption. TPD We observed the balance of adsorbaterface and adsorbate
spectra, taken as a function of coverage from 0.01 to 1.22 ML, adsorbate interactions to be particularly delicate in this system.
reveal an unusual and unexpected behavior. Namely, at lowerWhen dosing at our standard kiooled base crystal temper-
coverages €0.3 ML), a low-temperature peak dominates the ature of~90 K, we found that the ratio of the intensities of the
spectra, and increasing the coverage results in the formation of105 and 115 K peaks did not remain constant from measurement
a higher-temperature desorption wave. The order of appearancdo measurement. After eliminating possible sources of experi-
of the low- and high-temperature features is the reverse of whatmental error, we hypothesized that thermal activation of the
is typically seen, where binding forces are stronger for the first molecules could lead to rearrangement over time, even at 90
adsorbed layer than they are for second and higher layers.K. To establish this, we pumped on the cryostat to lower the
Quantitative consideration of the spectra gives some clue as topressure and thus the boiling point of the4, thereby lowering
the reason for this behavior. the surface temperature below 80 K. Repeated TPD measure-
For coverages<0.20 ML, the data show similar desorption ments following dosing below 80 K vyielded reproducible
behavior as for the MeS/GaAs(110) and bare GaAs(110) intensity ratios. To confirm that restructuring is thermally
surfaces. Specifically, the desorption temperature decreases wittactivated, we made repeated measurements where 0.3 ML of
coverage, again indicating lateral repulsion in the monolayer MeBr was deposited on the EtS/GaAs @82 K. Prior to
due to dipole-dipole interactions among the MeBr molecules. performing each TPD measurement, the surface was warmed
In the EtS/GaAs case, the change in desorption peak temperatureo 90 K for a set period of time. The results of these
with increasing coverage is roughty200 K/ML, significantly measurements are shown in Figure 9. It is immediately obvious
steeper than observed in both the MeS/GaAs(110) and barefrom the TPD spectra that annealing causes the high-temperature
GaAs cases, as can be seen in Figure 5. The increased slop&eature to increase while the low-temperature feature decreases
may be due to further weakening of the molectderface in intensity. In the inset of Figure 9, the behavior of the TPD
interaction, as the longer ethyl moiety distances the MeBr still spectra is quantified in terms of the total integrated intensity
farther from the GaAs surface. With increasing coverage, a clearunder the two waves), and the integrated intensity under the
transition occurs at-0.3 ML. This transition is marked by the  low-temperature®) and high temperaturd@ components. This
“pinning” of the temperature of the low-temperature feature at analysis reveals that a relatively small fractian16%) of the
~105 K and the development of the higher temperature feature MeBr desorbs during the 480 s, 90 K anneal, corresponding to
at ~115 K, which becomes more pronounced as the coveragea rate of~1 x 104 ML per second. In addition, a significant
approaches and exceeds 1 ML. The position of this feature change in the ratio of the two components is observed. Whereas,
increases slightly with coverage, consistent with that observedin the unannealed monolayer there is no evidence of the 115 K
in the 1-2 ML coverage range in the MeS/GaAs(110) case desorption wave, with annealing, the ratio of the intensity of
(Figure 5b). The high-temperature feature similarly exhibits a the 115 K feature to that of the 105 K feature increases
sharp falling edge, indicative of a zero-order process, likely dramatically and appears to approach an equilibrium value of
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Figure 10. (a) Comparison of desorption of submonolayer MeBr from . .
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EtS-functipnaIized (solid line) G_aAs(llO) surfa_ces. The !nitial MeBr functionalization. (b) The dependence of the activation energy for
coverage is 0.3 ML. (b) Comparison of desorption of multilayer MeBr desorption (as determined by the HK leading edge method) for
from bare, MeS-, and EtS-functionalized GaAs(110) surfaces as in (a), desorption of 0.3 ML (solid line) and 2.5 ML (dashed line) MeBr on

except that the initial MeBr coverage 2.5 ML. surface functionalization. The lines are simple guides to the eye.

~0.7. The behavior is consistent with the development of an o crease in the temperature of the peak of the desorption wave
equilibrium between a submonolayer-coverage phase (105 .Kfor the submonolayer{0.3 ML) desorption feature. In contrast,
peak) and a cluster structure (115 K peak). As the sample is jgre 10b shows that the leading edge of the multilaye.6
annealed at 90 K, initially, molecules diffuse to form clusters, ML) desorption features remains fairly constant, as expected
and the cluster phase grows at the expense of the submonolayerr, 3 hrocess that follows zero-order kinetics. The positions of
coverage phase. Simultaneously, there is some desorption fromy, peaks of the desorption waves are plotted in Figure 11a for
the submonolayer-coverage phase and, possibly, also from theqmparison of the submonolayer and multilayer waves across
clusters. the three surfaces. We have analyzed the TPD data in Figure
10 using the HK leading-edge analyiito obtain the activation
energy for desorption versus chain length for both the sub- and
At least two earlier studies have addressed the issue of themultilayer regimes, and the results of this analysis are plotted
dependence of adsorbate interactions on spacer-layer thicknessn Figure 11b. These data show that though the desorption
In one study, the enthalpy of desorption for three probe activation energy for MeBr at+2.5 ML coverage on the three
molecules, hexane, octane, and dodecane, adsorbed on thicurfaces is the same within experimental uncertainty, the
spacer layers of varying thickness on Au(111) were compared desorption activation energy for MeBr from submonolayer
and all were found to agree with the bulk heat of vaporization coverage shows a distinct trend, decreasing over the series of
within experimental errereven for a spacer layer as thin as interfaces; bare GaAs MeS/GaAs> EtS/GaAs.
0.3 nm. This was taken to indicate that the dispersion interaction There are two important conclusions that can be drawn from
between the adsorbates and the spacer-layer molecules prethe dependence of the desorption activation energies shown in
dominates over the dispersion interaction between the adsorbate&igure 11b. First, the results for the2.5 ML coverage cases
and the underlying Au(111), given their short-range nathre. help confirm our assignment of the120 K desorption feature,
In a similar vein, SFG measurements were used to probe because the activation energy for desorption from bulklike MeBr
interactions between various liquids and an oxygen atom should be independent of the substrate and in reasonable
“pburied” at a depth determined by the length of the alkoxy goup agreement with the bulk heat of vaporization (0.248 ¢\And
at the chain-termini of long-chain alkoxy thiols on gold and second, the variation measured a0.3 ML represents a
silver2 This study concluded that as the length of the alkoxy significant decrease in the strength of the interaction between
group increased, the effect of the interactions between thethe MeBr and the substrate. Most notably, on the EtS-
oxygen and the molecules of the supernatant liquid rapidly functionalized surfaceq is lowered to a value roughly equal
decreased; the butykther-terminated surface was indistin- to that for desorption from 3-D clusters. Thus, the variation in
guishable from a simple alkanethi@ILike this study, we have molecule-surface interaction strength is expected to strongly
chosen to focus on a molecwlsubstrate system where dipolar modify the adsorption/desorption behavior in these systems.
interactions, which are not as short in range as dispersion Another important conclusion can be gleaned from compari-
interactions, are important. Thus, we do not expect to see son of the coverage dependence of the TPD spectra presented
bulklike adsorbate behavior as was observed in the hydrocarbon in Figures 4, 6, and 8. Specifically, the data indicate that the
thiol/Au(111) case. On the other hand, we have performed thesecritical coverage required for the formation of bulklike 3-D
experiments at low temperature in UHV on short, tightly bound MeBr (likely in the form of layers in the case of the bare surface
overlayers where we do not expect the adsorbates to greatlyand small clusters in the case of the organofunctionalized
perturb the structure of the spacer layer, as was observed in thesurfaces) decreases with spacer chain-length. On the bare GaAs-
SFG study?® (110) surface, distinct desorption features are observed for the
To quantify the degree of the changes in the surface first, second, and third monolayer (Figure 4), indicating layer-
interactions that occur in this short-chain spacer layer limit and by-layer growth into the third layer, extending perhaps to higher
begin to understand the structural consequences of thesecoverages. However, MeS-functionalization of the surface
changes, we consider the energetics and kinetics of the desorpeauses 3-D clustering to occur at the much lower coverage of
tion process. These may be quantified from our results, which ~1.2 ML, as indicated by subtle changes in the leading edge
are summarized by the examples of TPD spectra shown inof the desorption wave (Figure 7), and a switch from first- to
Figure 10. Figure 10a shows that the introduction of an organic zero-order kinetics, as described in the results section. The
spacer layer, or an increase in its thickness, results in a markeccritical coverage for 3-D cluster formation is decreased further

Discussion
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Figure 12. Comparison of the (a) PW model and (b) measured temperature ramp rate. For a zero-order process, the preexpo-
desorption spectra of MeBr from a EtS/GaAs(110) surface. Initial MeBr nential factor can be determined from txntercept,b, of the
coverages are 0.3, 1.2, and 2.4 ML (solid, short-dashed, and long-dashegn(—dg/dT) vs T~ Arrhenius plot:

lines, respectively).

by EtS functionalization of the GaAs(110) surface, as indicated v=pexpl) (8)
by appearance of the multilayer feature at a coverage as low a
~0.3 ML (Figure 8). Thus, a decrease in the strength of the
molecule-surface interaction decreases the critical coverage for
3-D clustering from=3 ML, to 1.2 ML, and to 0.3 ML for the
bare, MeS-, and EtS-terminated surfaces, respectively.

We attribute this change in behavior to a change from
dominating adsorbatesurface attraction toward dominating

sUsing the activation energies determined from the leading edge
method, we arrive at estimates for the values for the preexpo-
nential of 1.7x 107 s71 and 3.7x 10 ML s~ for the 0.3
and 2.4 ML desorption waves. Substituting tBgandv into
the PW equation, and numerically integrating eq 6 to obtain
simulated TPD spectra, we find that both the 0.3- and 2.4-ML

adsorbate lateral interactions. The change is most dramaticallydeSorption waves are quite well reproduced by the PW first-
illustrated in the case of the EtS-functionalized surface. Consider 2nd zero-order models, respectively (Figure 12). The figure also

the desorption data obtained for MeBr from the EtS/GaAs INcludes a calculation of the 1.2 ML TPD spectrum, using the
surface shown in Figures 8 and 10. The most surprising featureEd @nd» values determined above and assuming two channels,

of these data is the fact that the peak in the multilayer wave first- and zero-order, with an integrated intensity fixed at a ratio

occurs at a temperature higher than that for the submonolayer!® @Pproximate that observed in the experiment.
desorption wave, at coverages as low as 0.3 ML. This is not Application of the PW rate law to the interpretation of our
seen in the case of bare GaAs(110) or MeS/GaAs(110). Toresults is consistent with our intuitive understanding of the
further understand this behavior, we emplosimplemodel of desorption kinetics and their dependence upon the proposed
the observed desorption processes using a basic rate-equatiotructure of the MeBr adlayers on EtS/GaAs. Specifically, the
treatment as given in the Arrhenius expression often called the model helps to explain the somewhat counter-intuitive observa-
Polanyi-Wigner (PW) equatiod?>5° tion that, in the case of MeBIr/EtS/GaAs, the peak in the mono/
multilayer desorption wave occurs some-1D K higherthan

R,= —d6/dt = v (6) 6" exp[—E, (6)/ks T] (6) that for the submonolayer wave, despite the fact that the HK
analysis gives an activation energy of desorption for the
submonolayer wave that is somewhat greater than that for the
mono/multilayer. Our analysis reveals that the reason for this
apparent contradiction can be attributed to the different rate laws

to desorptionkg is Boltzmann’s constant, ariflis the surface that govern desorption and the corresponding differing pre-
temperature. In generdty andv depend ord. Analysis of TPD exponential factors. That the as;omateq preexponentlals differ
data to extract accurate kinetic parameters is far from a trivial Py néarly 3 orders of magnitude is consistent with an adsorbate
task, and development of a comprehensive model for the bounq in two distinct states of differing degrees of lateral
desorption kinetics is beyond the scope of our considerations Mobility.>°2
here. For example, we note that modeling of the desorption ~ This work has raised the possibility of a number of experi-
waves is complicated by the effects of the dipetipole lateral ments that could be performed to further our understanding of
interactions among the adsorbate molecules that cause thdnterfacial molecular interactions. First, detailed and direct
activation energy to depend on coverag Therefore, our goal  structural characterization of organofunctionlized GaAs(110)
in application of the PW rate law here is to establish a surfaces, as well as of overlayers adsorbed on their surfaces,
semiquantitative basis for the validation of our qualitative using scanning tunneling microscopy, helium atom diffraction,
understanding of the desorption kinetics and their dependenceand IR spectroscopy would greatly improve our understanding
upon the proposed structure of the MeBr adlayers on EtS/GaAs.of these interesting systems and their temperature-dependent
A more intensive modeling effort would involve a detailed behavior. In addition, similar measurements involving other
consideration of lateral interactions and would benefit greatly adsorbates would allow for further systematic studies. For
from direct structural probes of the overlayers. example, use of the three common methyl halides, Mel, MeCl,
To model the data, we use the kinetic parameteasid Eg, and MeF, would permit studies where the strength of lateral
extracted from the 0.3- and 2.4-ML spectra shown in Figure dispersion interactions can be varied while keeping the dipole
12b, representing coverages where we believe the kinetics todipole interactions roughly constant. Finally, we note that
be first- and zero-order, respectively. The HK leading edge detailed modeling of the TPD spectra and theoretical calculations
method gives the activation energies of desorption for the 0.3- of the interactions would provide greater insight into the delicate
and 2.4-ML spectra to be 0.36 and 0.34 eV, respectively, asbalance of forces that are responsible for the phenomena
shown in Figure 11b. Furthermore, Habenschaden aipb&ns described here.

whereRy is the rate of desorptiorf is the surface coverage,
is the time,v is a preexponential factor (the so-called “frequency
factor”), n is the desorption ordeEy is the activation barrier
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