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a b s t r a c t 

Self-assembly of dithiol molecules is of interest because these can be used as linkers between metallic or semi- 

conductor entities and thus employed in molecular electronics and plasmonic applications, or for building com- 

plex heterostructures. Here we focus on dithiol self-assembly by evaporation in vacuum, a method that could 

circumvent the dithiol oxidation that can occur in solution. We present a high resolution X-ray photoelectron 

spectroscopy (XPS) and an ion scattering study of adsorption and desorption of 1,4-benzenedimethanethiol on 

InP(110) as a function of exposure and sample temperature. Results for InP are compared to those on Au(111) and 

found to differ due to formation of a thick BDMT layer at room temperature, resulting from extra molecules stick- 

ing on top of the self-assembled monolayer. This may play an adverse effect in some afore-mentioned applications 

as in molecular electronics. We furthermore study the evolution of the dithiol film with sample temperature and 

the elements remaining at the surface after annealing and delineate initial coverage dependent effects. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

The adsorption, self-assembly and thermal stability of thiol-based

olecules adsorbed on compound semiconductors such as GaAs and

nP has been the subject of considerable research [1–20] due to in-

erest in molecular electronic devices, the passivation properties of the

ayer, the possibility of obtaining improved optical properties, making

i-InP contacts, microcontact printing, and ultrathin electron beam re-

ists. Amongst thiols, dithiol molecules have attracted interest since the

wo thiol ends can be bound to metal electrodes and in particular 1–

 benzenedimethanethiol (BDMT) was first used in conduction mea-

urements [21] . They have also been used [5–7, 22–36] for grafting to

etallic nanoparticles in plasmonic applications and in building metal-

olecule heterostructures [22, 31–35] and metallized graphene like car-

on sheets [22, 36] . 

Self-assembled monolayers (SAMs) of thiol molecules [37–46] are

ell ordered on several surfaces, but the case of dithiol SAMs is more

omplicated because the two sulfur ends of the molecules may both

ind to the substrate [47, 48] and may not take the more useful upright

rientation [22] . In some cases they are also found to link with other
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olecules producing “multilayers ”. Multilayer formation in solution has

een associated with the oxidation of the thiol group which causes for-

ation of intramolecular disulfide bonds [47–51] . In recent studies we

howed that well-ordered standing up SAMs of dithiols could be formed

n Au directly in hexane solutions [52–55] that were degassed with inert

ases (N 2 ) and with all the preparation procedure performed in absence

f ambient light. In other works acetyl protection and deprotection of

he thiol groups has been used [48, 56] or else post assembly removal

f S –S bonded multilayers adopted by using reducing agents [27, 57] .

he growth of SAMs under vacuum conditions using evaporative meth-

ds [26, 30, 58–61] comes as a good alternative to reduce the presence

f oxygen and some effects of solvents, particularly in the case of more

eactive surfaces such as semiconductors. In the past, we have studied

he adsorption in vacuum of BDMT on InP(110) and on Au(111) with

ime-of-Flight Direct Recoil Spectroscopy (TOF-DRS) [9] and from the

omparison of both systems we were able to show that it was possible to

btain a S terminated layer in the case of the semiconductor. While the

resence of sulfur at the organic layer - ambient interface was clearly

emonstrated, the structure of this layer was not fully characterized. In

articular, in ref [9] we noted differences in the shape of the TOF-DRS
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pectra measured for Au and for InP which indicated variations in the

olecule adsorption configuration or the film characteristics that could

ot be clarified with the limited information available at that moment.

ore recently we investigated the growth of BDMT on Ag, Au and Cu

rom vapour phase keeping the sample below room temperature during

xposures [62] . For this case we found a strong increase in the sticking

oefficient and that the films were thick, i.e. more than one monolayer

ould be deposited on the three samples. In all cases the thick BDMT

ayer desorbed around 270 K leaving a thin BDMT monolayer at the

urface. 

In this work we performed a high resolution X-ray photoelectron

pectroscopy (XPS) study of the BDMT layer grown on InP(110) to-

ether with additional TOF-DRS measurements as a function of expo-

ure and on sample temperature, to probe in more detail the structure

nd stability of the BDMT layer. TOF-DRS measurements on Au(111) as

 function of both exposure and temperature are also reported to clarify

he discussion and to extend the results for the annealing temperature

ependence initiated in ref [62] . An XPS study of BDMT evaporated on

u(111) was presented recently [63] . Based on these new measurements

nd the previous information for metallic substrates we show that part

f the differences observed in InP with respect to the Au substrate are

ue to formation of a thicker BDMT layer for adsorptions carried out at

oom temperature, with extra molecules attached at the SAM-ambient

nterface. The thickness of this layer is discussed in the text. 

. Material and methods 

The TOF-DRS measurements were performed using an ion scattering

ystem described in some detail elsewhere [64] , while the XPS mea-

urements were performed on the BEAR beamline [65] at the Elettra

ynchrotron (Trieste, Italy). Some details for each system are provided

elow. 

.1. Ion scattering 

The ion scattering system has facilities for in situ sample preparation

nd characterization under UHV conditions. The system is connected to

 mass selected 1–100 keV ion accelerator. The experiments are per-

ormed using the time of flight direct recoiling technique (TOF-DRS)

66] . In TOF-DRS, the sample is bombarded by a pulsed beam of 3–6 keV

r + ions at different incidence angles, here reported with respect to the

urface plane. A time-of-flight analysis of the primary recoiled (DR) tar-

et atoms and of the scattered Ar atoms is performed by using a channel

lectron multiplier placed at the end of a 1.76 m long time-of-flight tube

et at a forward angle of 45° with respect to the incidence beam direc-

ion. As described in ref. [66] TOF-DRS has a very high sensitivity to the

op-most layer of a crystalline surface. The emission of target atoms in

rimary collisions with the projectile, both from the substrate (Au, In,

) or from the adsorbed layer (H, C, S), here reported as “recoil particles

u, In, C, etc. ”, provides information about the elemental composition.

he strong shadowing and focusing effects [66] in these processes help

o delineate if the molecules are adsorbed with both S atoms towards

he surface or in a more standing-up orientation exposing one S atom to

he vacuum interface [62, 64] . The process of projectile scattering from

 given target atom in a primary collision (here indicated as Ar - R, with

: Au, In, or S) is more sensitive to sub-surface processes and is useful

o identify if the layer adsorbed is thin (one monolayer or less) or thick

more than two monolayers) [62] . 

In TOF-DRS the low intensity pulsed beam minimizes damage, which

s important in the case of organic layers. One can thus follow in detail

he adsorption and desorption kinetics from submonolayer to very high

xposures without damaging the film and also obtain information on the

ayer composition as a function of sample temperature. The absence of

amage is checked by taking several spectra after a given exposure and

erifying that there are no visible changes. 
102 
.2. XPS studies 

XPS spectra were acquired with a hemispherical deflection analyser,

ith an energy resolution of < 200 meV (analyser and beam line, using a

onstant pass energy). Spectra were recorded at normal emission, with

he light impinging at 45° with respect to the surface normal. Spectra

ere acquired in the P 2p, In 3d and 4d, S 2p, O 1s and C 1s regions. We

lso measured the valence band for photon energies between 120 and

0 eV. We strove to use photon energies that maximize the surface sensi-

ivity, measuring photoelectrons with kinetic energies corresponding to

he minimum of the inelastic mean free path (100 eV), though in some

ases some other energies are chosen for convenience, in particular to

void overlap with Auger peaks. 

.3. Sample preparation 

The InP(110) single crystals were prepared by cycles of Ar sputtering

ith energies of 0.5–1 keV and annealing at 700 K, and then character-

zed with respect to cleanliness and surface order by TOF-DRS and by

PS following earlier studies [67–70] . 

The BDMT powder (from Sigma Aldrich, 98% purity), was kept in

acuum, in a sealed glass tube. It was degassed and heated to about

60 K and the vapours were introduced into the UHV chamber via a leak

alve. On the BEAR beamline the exposure to the vapours was performed

n a load lock chamber to avoid contamination of the main UHV system.

. Results and discussion 

.1. Clean sample 

It is known from earlier works on InP [67, 68] that sputter cleaning

nP surfaces can induce defects and produce an In enriched surface. This

esults in changes in the In 4d and in the P 2p spectra, but it was pointed

ut that these effects could be much reduced after annealing. The anal-

sis of our high resolution XPS measurements in the In 4d and in the

 2p regions of samples cleaned using fairly low energy ion sputtering

nd annealing to temperatures in the 700 K range produced reasonably

ood results with only a small fraction of In enrichment. Valence band

pectra acquired for different photon energies clearly indicate the exis-

ence of a circa 1 eV gap, which is usually observed for UHV cleaved InP

amples. Details of these measurements are described in the supporting

nformation and presented there in Fig. S1. On the basis of all these re-

ults we concluded that the InP surfaces thus produced were adequate

or the study of BDMT adsorption. 

Prior to performing the BDMT adsorption an ion scattering study of

he cleaned InP surface was also performed and details are summarized

n the supporting information and Fig S2. Ion scattering spectra in the

orward direction are sensitive to both the crystallographic characteris-

ics of the sample and its elemental composition. The preliminary study

f the clean surface along various azimuthal directions allowed us to de-

ermine the orientation of the sample and all the measurements shown

elow for the adsorption and desorption studies were taken along a di-

ection where both In and P are accessible to the projectile at an incident

ngle of 20°. 

.2. Adsorption of BDMT on InP(110): comparison with BDMT on 

u(111) 

.2.1. Adsorption monitored by ion scattering 

As mentioned in the introduction we performed a previous ion scat-

ering study of BDMT adsorption onto InP(110) [9] and were able to

how that it was possible to discriminate between BDMT layers dom-

nated by a lying down molecule configuration at low exposures, be-

ow few kL or by a standing up configuration at high exposures (above

 × 10 4 L): a layer that was terminated by sulfur. A comparison with

esults for Au(111) [9, 60, 61] showed that the width and the relative
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Fig. 1. TOF-DRS spectra for BDMT adsorbed on Au(111) at 250 K for different stages of 

the BDMT layer growth. (a) spectra in the TOF region of H and C recoils, and Ar scattering, 

taken at 20° incidence for the clean surface (top), for a thin BDMT layer with molecules in 

a predominantly lying-down configuration (middle), and for a single layer of standing-up 

molecules (SAM) (bottom). (b) same as (a) in the TOF region of Au recoils. (c) spectrum 

for the SAM (single layer) taken at 5° incidence. (d) spectrum at 20° for a multilayer of 

BDMT on Au(111) taken at 20° incidence. 
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ntensity of the H, C recoil peaks and the Ar scattering peaks were differ-

nt indicating a different evolution of the layer growth on Au and on InP

ith exposure or a different molecular arrangement. Here we address

his point with the aid of XPS and with additional ion scattering mea-

urements. We start by describing the ion scattering measurements. First

e present and discuss some data for Au because it serves as reference

f a known system. 

.2.1.1. BDMT on Au(111). Fig. 1 shows ion scattering spectra mea-

ured at specific phases of the BDMT layer growth on Au(111). Follow-

ng ref [62] and in contradistinction with most works done up to date

he sample temperature was lowered to 250 K during exposure. Panels

 and b in Fig. 1 show spectra for the clean surface (top spectrum), after

ormation of the initial lying down layer, and after completion of the

rst standing-up layer. The left panel (a) shows the spectra in the TOF

egions corresponding to H, C and S and the right panel (b) the region

or the Au recoil peak. The spectra were acquired at an incident angle of

0°. Similarly to what was reported for Ag(111), here the main changes

n the spectra with BDMT exposure are the appearance of the H and C

ecoil peaks, a decrease, shift and broadening of the Ar scattering peak,

nd a strong reduction of the substrate (Au) recoil peak. Each phase is

haracterized by specific features, for example in the initial phase, i.e.,

n the lying down phase: 

(a) the H peak is bigger than the C peak, 
103 
(b) the features associated with S are hardly seen because (i) both S

atoms of the molecule are lying closer to the substrate and shad-

owed by the rest of the molecule (see molecule scheme in Fig. 1 )

and (ii) the peak due to Ar scattering-off Au appears in the same

TOF region and is very intense. Finally, 

(c) the Au recoil peak observed at 20° incidence decreases approx-

imately by a factor of 10 and shifts to higher TOFs ( Fig. 1 (b)).

This shift of the Au peak, not observed for Ag in ref [62] is re-

lated to the migration of some Au atoms into the organic layer.

This would confirm conclusions of other works that Au adatoms

are present in the SAM-Au interface [39] . The latter point is dis-

cussed further in the supporting information. 

Following Fig. 1 , the standing-up phase in Au is characterized by: 

(a) a change in the ratio of H to C recoil peaks, the C peak becomes

bigger than the H peak, 

(b) a stronger reduction of the Ar scattering peak (bottom spectrum,

Fig 1 (a), 

(c) the complete disappearance of the Ar scattering peak at more

grazing incidence (5°) together with the appearance of the S as-

sociated peaks (S recoil and Ar –S scattering, Fig. 1 (c). 

This appearance of the S peaks at grazing incidence is the fingerprint

f a layer terminated in S (S atoms exposed to vacuum) [9, 62] . When

he exposure to BDMT is carried out with the sample at room temper-

ture, the above described features correspond to the saturation con-

ition, i.e., extended exposures, increasing both thiol pressure and/or

xposure time produce no more changes in the TOF spectra, meaning

hat the layer thus formed is very thin, saturated with one monolayer of

tanding-up molecules [9, 62] . On the other hand, when the exposures

re carried out with the sample at temperatures below or around 250 K

he adsorption kinetics changes [62] , resulting in a strong increase of

he sticking coefficient, and upon increasing the exposure time and the

ithiol pressure it is possible to form a thicker BDMT layer (more than

–3 layers). In this case the spectra at large angles and those at grazing

ngles become similar because the Ar projectiles cannot reach the Au

ubstrate, then, only peaks due to H, C and S are seen, without any ef-

ect induced by the underlying substrate (complete disappearance of Au

ssociated peaks for all incident angles) [62] . The spectrum correspond-

ng to this condition (thick BDMT layer, acquired at 250 K) is shown in

ig. 1 (d). This layer desorbs in the range of 265–270 K, leaving a single

ayer of BDMT on the surface [62] . As shown in ref. [62] each of the

escribed phases are formed at very different exposures, ranging from

ess than 1 to 10 4 L when the adsorptions are carried out at 250 K, and

rom several L to > 10 6 L at RT. To cover this broad range of exposures in

easonable laboratory times one is forced to change both thiol pressure

nd exposition time. Now, with the knowledge of the scattering features

or the different adsorption phases on Au we proceed to describe the ad-

orption on InP(110). 

.2.1.2. BDMT on InP(110). Spectra measured at large (20°) and low

5°) incident angles for different exposures to BDMT, keeping the

nP(110) surface at room temperature (RT) are shown in Fig. 2 (a)–(c).

he azimuth was chosen such that at 20° incidence both In and P are

learly seen, while at 5° the features related to P are enhanced by fo-

using so any change on them can be seen clearly. Comparing with the

u(111) case we find a number of similarities, common to BDMT ad-

orption on other surfaces, but also some important differences. As for

u, the adsorption goes through different stages, here corresponding

oughly to exposures below 10 2 L, from 10 2 L to about 10 4 L, from 10 4 

o 10 5 and above. In the initial region of exposures (up to around 100 L)

he molecules are oriented preferentially in a lying down configuration,

ith the majority of the S atoms not exposed to the vacuum interface.

his is evidenced by an initial drop of the P associated features, of the

n DR peak (without disappearing completely), and the corresponding

ncrease in the H and C peaks that grow very rapidly and reach a rela-

ively stable condition around 10 2 L. The substrate DR peaks decreases
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Fig. 2. TOF-DRS spectra for BDMT adsorbed on InP(110) at different exposures for two 

different incident angles. (a) spectra at 20° incidence in the TOF region for H, C, P and S 

recoils plus Ar scattering from both substrate and S, (b) same as (a) in the TOF region for 

In recoils, and (c) same as (a) taken at 5° incidence. The BDMT exposures in Langmuir are 

indicated on the right side of the figure. The same colours are used in the different panels 

for equal exposures. 
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Fig. 3. Comparison of TOF-DRS spectra for InP(110) at RT with those for Au(111) at RT 

and at 250 K. All spectra were acquired after saturation with BDMT. 
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now turn to the spectra from BDMT on InP. 
ithout shifting from its initial position. This means that there is no

ajor change in the substrate order and saturation of the lying-down

egime occurs with a layer that allows some In atoms to be exposed

o the incident beam. Some changes in the spectra take place even in

his regime, the width of the H and C DR peaks increase continuously

s well as their intensity ratio. This implies that some reordering or

hange takes place in the organic layer without reaching a perfectly

table lying-down phase, as is the case for BDMT / Ag(111). The next

tage, for exposures up to 10 4 L, is characterized by a lower sticking

oefficient, an increase of the C/H ratio, and the persistence of the Ar

cattering from the InP substrate at high incidence angles. S associated

eatures (recoil and Ar scattering) begin to be observed at grazing an-

les, but not at large incidence angles. The spectra in this stage are thus

ompatible with a thin layer of mixed phases composed of lying-down

nd standing-up molecules. 

With increasing exposures, the molecules undergo the transition to

tanding-up, evidenced by well-defined S associated peaks at grazing

ncidence, and the complete disappearance of the In recoil peak. The

ayer remains thin (on the average), of the order of the monolayer up to

0 5 L, when another decrease in the Ar scattering from substrate atoms

tarts to be observed at 20°. Finally, higher exposures to BDMT result in

urther changes in the TOF spectra, now the grazing and the large inci-

ence spectra become very similar (bottom spectra in Fig. 2 (a) and (c),

hich means that the layer increased the thickness and thus precluded

he access or scattering from the substrate. Here, only features related

o the molecule (S, H and C) can be seen. According to the simulations

f ref [9] the layer formed has to be thicker than 2–3 monolayers, other-

ise some contribution from the substrate as multiple scattering would

e seen. Note that while in Au this condition is only obtained at sam-

le temperatures of 250 K or lower, in InP this condition is reached at

oom temperature. The comparison of these saturation conditions for

oth surfaces is shown in Fig. 3 . These results are relevant because of-

en one tends to expose the surface to large doses of dithiol vapour to

btain a better order in the organic layer or a more complete cover-

ge, this may result adequate in the case of Au however it will certainly

enerate a thicker layer (and probably more disordered) in the case of

nP. The formation of a thick BDMT layer at RT in InP(110) is thus

ifferent to the case of dodecanethiols on the same surface, where the

ormation of a single domain monolayer has been described in detail

4] , these new results are discussed further below based on the XPS

easurements. 
104 
.2.2. Adsorption monitored by XPS 

In order to get more insight into the nature of the BDMT layer we per-

ormed some measurements at intermediate (4000 L) and high (400 kL)

xposures of the InP(110) surface to BDMT; the former corresponding

o the transition from lying-down to standing-up, and the latter now as-

igned to formation of a thick layer as discussed above. These results

re summarized in Fig. 4 (a)–(c). 

Before discussing these spectra a few words about the S 2p core level

inding energies in thiol and dithiol self-assembly are necessary, since

he spectra can be quite complicated and consist of several components

22, 63] . In the following we cite the energies of the lowest energy S

p 3/2 doublet component, which have been generally found to appear at

bout 161, 162, 163.1 eV, and also between 163.3 and 163.8 eV. These

re assigned as follows: 

(a) Previous works on thiol SAMs mainly on metal surfaces and also

on GaAs [22, 37, 38, 43, 52–55, 71, 72] show that the S 2p peak

corresponding to thiolate S (S bound to the substrate) lies at about

162 eV. This is also the case for the lying down phase of dithiols

with both S ends tethered to the metal as shown for dithiols like

BDMT adsorption on coinage metals (Au, Ag and Cu) [55, 63,

71] . 

(b) In well-ordered BDMT SAMs with standing up molecules [52–

54] there appears a strong peak at about 163.1 eV related to the

outer SH group. 

(c) In some cases of thiols and also BDMT adsorption [44, 54, 55,

63] one observes a smaller structure at about 161 eV attributable

to an alternative adsorption site of thiolate S. Note that this has

sometimes been assigned to atomic S from dissociation or beam

damage, but the peak sometimes appears in a transitory manner

[44] , which does not favour attribution to strongly bound atomic

S and it also does not appear after intense irradiation of aromatic

thiols [73, 74] . On the other hand atomic S does appear in spon-

taneous S –C bond scission on a reactive surface as this is observed

in BDMT adsorption on Cu [71] . 

(d) The higher lying components have been attributed to S –S bonded

molecules and S in “free ” thiols. The 163.6 eV peak has been ob-

served in poorly rinsed thiol SAM preparation in solution and

attributed to extra thiols sticking on top of the SAM [43, 63] .

It is also seen in thiol and BDMT films on graphite and in very

high exposures of BDMT on Ag and Cu [63] . Finally there also

exists the possibility of creation of S –S bonded molecules by irra-

diation [73] and this has been observed in alkanethiol irradiation

but not for aromatic thiols. This assignment is based on a compar-

ison with films of disulfide (RS –SR) molecules. These attributions

are supported by DFT calculations [63] . Keeping this in mind we
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Fig. 4. XPS spectra in the S2p (a) and (b), and valence band regions (c) for BDMT on InP for low and high exposures. The clean InP valence band spectrum is also shown in pannel (c). 

lines in panels (a) and (b) are fits described in the text. The experimental spectrum and the sum of the different fitting components are displaced vertically for clarity. 
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XPS spectra in the S2p region are shown in Fig. 4 after a 4000 L

nd a much higher dose of 400 kL. After a Shirley background subtrac-

ion the spectra were fitted with several doublets corresponding to the S

p 3/2 − 1/2 components with a 1.2 eV spin orbit splitting and a branching

atio of 0.5, using a Voigt contour. The lower exposure spectrum ( Fig.

 a) displays two main peaks at about 162 eV and about 163 eV. In the

t we use two main components with S 2p 3/2 at 162 eV corresponding

o thiolate S bound to InP (indicated as S1 in Fig. 4 (a)) and a second

maller S 2p 3/2 peak at about 163.1 eV (S2), which we ascribe to “free “

 corresponding to the SH end of a standing up molecule [63] . To prop-

rly fit the spectra we include two smaller components lying at about

61 eV (S4) and 163.6 eV (S3). The dominance of the 162 eV component

S1) indicates that we have predominantly lying down BDMT molecules

ith both S ends bound to the substrate. 

In thiol adsorption one assumes that a deprotonated –SH end of the

DMT is bound to the surface. Earlier studies of thiol adsorption on InP

onclude that S is bound to In, whereas H can be bound to P or liberated.

When the BDMT dose is much higher the S 2p spectrum changes

ramatically and is dominated by the 163.6 eV peak (S3, Fig. 4 (b)). The

62 eV peak is now barely visible (S1). Its area with respect to the main

eak is < 5% of the main peak. This spectrum must correspond to a thick

ayer of BDMT, with extra BDMT molecules sticking or physisorbed to

he surface of the BDMT monolayer as discussed above. Assuming as in

ur earlier study of BDMT adsorption on Au [54] that for 100 eV kinetic

nergy electrons the attenuation length is about 0.6 nm, one can say that

he effective thickness of the layer is more than 2 nm (i.e. more than

bout 3 BDMT layers), considering the layer to be homogeneous. This

hick layer explains the similarity in the ion scattering spectra at low

nd high incidence angles for high exposures. Similar effects of multi-

ayer formation were observed in our earlier studies dealing with BDMT

vaporative adsorption on Ag and Cu [71] , where large exposures lead

o what we interpret as being a SAM of standing up BDMT molecules on

op of which there is a considerable amount of physisorbed BDMT. 
m

105 
Finally, Fig. 4 (c) shows changes in the valence band region upon

DMT adsorption. One observes a progressive decrease of the InP related

eatures between 1 and 2 eV and at higher energies appearance of BDMT

elated structure at 3 eV. At the high dose the spectrum is dominated

y BDMT [54] , in agreement to the thick layer deduced from the S 2p

PS spectrum and thus further supports our conclusion that we do get

 multilayer in these conditions. 

An interesting general question is why a fairly stable thick layer of

DMT forms on InP in vacuum. Similar effects were noted in some cases

or Au(110), Ag and Cu substrates [71] in vacuum evaporation of BDMT.

 tentative explanation could be that if the initially formed SAMs with

tanding-up dithiols are poorly organized, then additional molecules ar-

iving at very large exposure could be entangled or trapped within the

AM and the thus produced disordered layer mediates further trapping

f molecules. The fact that the vacuum evaporated dithiol SAMs differ

rom those produced in liquid phase adsorption follows from appear-

nce of additional “alternative ” adsorption sites with different core level

inding energies [54, 71] . 

.3. Desorption of BDMT 

Self-assembled monolayers of long chain alkanethiols on InP were

ound to be more passivating towards oxidation than S alone [16] .

owever this passivating behaviour seems to change at elevated tem-

eratures (above 473 K) due to film degradation [16] . It becomes in-

eresting then to study the surface composition versus temperature for

hiol-based molecules. Here we use ion scattering to follow the evolu-

ion with temperature of all elements of the BDMT molecule adsorbed

n InP(110) and compare it to BDMT on Au(111). These ion scattering

easurements are complementary to the more standard thermal des-

rption experiments (TPD, not available in our system) in the sense that

hey detect the elements remaining at the surface while TPD detects the

olecular species leaving the surface. 
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Fig. 5. Central panel: evolution of the intensity of characteristic peaks (H, C, S and Au) in TOF-DRS spectra measured at 20° incidence for a thick BDMT layer on Au(111) versus 

sample temperature. The insets show typical spectra at both 20° and 5° incidence corresponding to the: multilayer at 250 K (inset 1), standing-up monolayer obtained at 290 K (inset 2), 

lying-down monolayer after annealing to 425 K (inset 3), final desorption for temperatures of 500 K (inset 4). 
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As we have done above for the adsorption kinetics of BDMT, we

tart the discussion with results for BDMT/Au(111) which serves as a

eference system. For this purpose we extend the temperature range of

he annealings to around 500 K, i.e., well beyond of those described in

ef [62] where only the desorption of the multilayer was investigated.

ome characteristic spectra at both 20° and 5° incidence, together with

he area of the main peaks are shown versus temperatures in Fig. 5 . As

iscussed above, we start from an initial condition corresponding to a

hick layer (more than 2–3 layers) formed at 250 K (bottom left, inset

). 

With increasing temperature, still below RT, the intensity of the

eaks decrease and they become broader suggesting that the thick layer

s disordered or melted (not shown), and around 268 K a sharp layer

esorption takes place [62] , which is evidenced by a rapid increase and

harpening of the peaks, accompanied by an increase of the pressure in

he vacuum chamber. At this condition the surface remains covered by

 thin layer (monolayer) which allows the incoming ions to reach the

ubstrate, giving rise to a strong Ar –Au peak. The molecules are pre-

ominantly oriented in a standing-up configuration, evidenced by the S

ssociated peaks observed at grazing incidence (left top, inset 2). This

tage is approximately stable up to around 350 K, where the S associated

eaks in the grazing spectra start to decrease till complete disappear-

nce around 400 K. This transition is accompanied by some molecule

esorption evidenced by an increase of the contribution of the substrate

eak ( Fig. 5 , inset 3 right top). Finally, around 430 K the desorption

f the lying-down layer starts reaching a final condition around 470–

00 K, with some S, C and H remaining at the surface (right bottom, in-

et 4). This residual layer requires sputtering (coupled with annealings)

o be removed. The content of S after desorption is rather independent

f the initial condition, i.e., starting from a dilute lying down layer, a

ense standing-up monolayer or a thick layer results in approximately

he same amount of remaining S. This suggests that this S is generated

n the last desorption stage where for some molecules the S –C bond is

leaved. In contradistinction, the C remaining at the surface depends
106 
trongly on the initial configuration: there is no C or H left at the sur-

ace when the initial condition is the lying-down layer, while some C

nd H remain for the standing-up layer. The origin of this curious effect

s not clear. Possibly in the latter case a stronger initial restructuring of

he Au surface upon thiol adsorption allows carbon Au links, related to

u adatoms or atoms at steps (or pits that appear in SAMs) to be formed

fter S –C bond breaking. C 

–Au bonding occurs in case of terminal alkyne

nd acetylenes SAMs on Au [75, 76] This point is further discussed in

he supplementary information. 

The desorption of BDMT from InP(110) also has well defined stages

nd depends on the initial condition or coverage. We describe first the

esorption from an initial condition with predominance of a single layer

ithout full development of the thick layer. This corresponds to a con-

ition where the S associated peaks are seen at grazing incidence while

he contribution to the TOF spectra from the substrate is still important

t 20° incidence. The spectra at grazing incidence change as a func-

ion of temperature as shown in Fig. 6 . The layer is stable up to around

60 K, where desorption begins leading to a transition to a lying down

olecule configuration, that is characterized by the disappearance of

he Ar –S peak at grazing incidence, and an increase in the substrate

ontribution. Then, around 500 K a new change occurs where most of

he C and H start to go away. It is difficult to be sure about the fate of

 because its mass is close to that of P. However the width and position

f the peaks after desorption suggests that some S remains at the sur-

ace, as is the case for other thiols on GaAs. In previous works [16] on

ctadecanethiol adsorption on InP it was indeed noted that S remained

n InP after heating to 673 K. This indicates S –C bond cleavage at high

emperature. 

Some differences occur when the initial condition is a thicker layer,

here the starting TOF-DRS spectra at grazing and at 20° incidence are

imilar, without showing contributions from the substrate. In compari-

on to Au, the thick layer survives well above RT and presents less de-

ned transitions than the monolayer on InP described above. It evolves

ore smoothly as shown in Fig. 7 , where the area of the C peak is com-
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Fig. 6. Central panel: evolution of the intensity of characteristic peaks in TOF-DRS spectra for BDMT adsorbed on InP(110) versus sample temperature starting from an initial condition 

of a standing-up BDMT layer. Insets 1–4: typical spectra measured at 5° incidence in the temperature ranges indicated in the central panel. 

Fig. 7. Comparison of the evolution of C DR intensity versus temperature for single and 

thick BDMT layers on InP(110) and for a thick layer of BDMT on Au(111). 
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ared for BDMT on Au and InP (low and high exposures). The main des-

rption occurs at 40–50 K higher than in Au, evidencing the stronger

nteraction with the semiconductor. 

. Conclusions 

The high resolution XPS and ion scattering experiments on BDMT ad-

orption from the vapour phase on InP(110) and Au(111) confirm that at

ow exposures a lying down BDMT phase with both S atoms attached to

nP is preferentially formed. At high exposures, close to hundred thou-

and Langmuir, a mainly standing up phase is formed with S exposed

t the SAM vacuum interface. At still higher exposures (beyond several
107 
undred thousand Langmuir) a thick BDMT layer is formed. These ad-

orption results for InP are different from the Au case at RT where the

resent and earlier measurements show that the organic layer is domi-

antly a monolayer on which some molecules may be physisorbed, i.e.,

 thick layer is not formed at RT, but only at low temperatures of about

50 K. XPS also shows a small component at 161 eV in the initial phases

f adsorption on InP that could be attributed to either some atomic S or

o some molecules adsorbed on different (alternative) adsorption sites

s this was also noted for Au(111). 

Upon heating the sample, on both substrates BDMT desorbs, leaving

ome S atoms following S − C bond scission. Interestingly ion scattering

hows that in case of Au , if desorption is performed after the formation

f a standing up phase, a substantial amount of H and C remain on

he substrate, while this does not occur to a significant extent if the

tarting condition is a lying down phase. Desorption from InP is observed

o occur at somewhat higher temperatures than from Au, suggesting

ossibly stronger bonding with InP. 

From a general point of view appearance of thick layers instead of

 standing up monolayer in evaporative adsorption would play an ad-

erse effect in certain applications. Thus, in conduction measurements

t would not be clear what is being characterized. This effect was previ-

usly not noted [26, 30, 58, 59] but must be taken into account, and

ventually minimized by careful tuning of the exposures. A detailed

haracterization of the type of organic layer formed will thus be es-

ential. 
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