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Using three different precursors [MeCpPtMe3, Pt(PF3)4, and W(CO)6], an ultra-high vacuum

surface science approach has been used to identify and rationalize the effects of substrate

temperature and electron fluence on the chemical composition and bonding in films created by

electron beam induced deposition (EBID). X-ray photoelectron spectroscopy data indicate that the

influence of these two processing variables on film properties is determined by the decomposition

mechanism of the precursor. For precursors such as MeCpPtMe3 that decompose during EBID

without forming a stable intermediate, the film’s chemical composition is independent of substrate

temperature or electron fluence. In contrast, for Pt(PF3)4 and W(CO)6, the initial electron

stimulated deposition event in EBID creates surface bound intermediates Pt(PF3)3 and partially

decarbonylated Wx(CO)y species, respectively. These intermediates can react subsequently by

either thermal or electron stimulated processes. Consequently, the chemical composition of EBID

films created from either Pt(PF3)4 or W(CO)6 is influenced by both the substrate temperature and

the electron fluence. Higher substrate temperatures promote the ejection of intact PF3 and CO

ligands from Pt(PF3)3 and Wx(CO)y intermediates, respectively, improving the film’s metal

content. However, reactions of Pt(PF3)3 and Wx(CO)y intermediates with electrons involve ligand

decomposition, increasing the irreversibly bound phosphorous content in films created from

Pt(PF3)4 and the degree of tungsten oxidation in films created from W(CO)6. Independent of

temperature effects on chemical composition, elevated substrate temperatures (>25 �C) increased

the degree of metallic character within EBID deposits created from MeCpPtMe3 and Pt(PF3)4.
VC 2012 American Vacuum Society. [http://dx.doi.org/10.1116/1.4751281]

I. INTRODUCTION

Electron beam induced decomposition (EBID) is a resist-

less, low vacuum deposition technique that uses a focused

electron beam to create 3D nanostructures or patterns.1–4 To

create metal containing EBID materials, deposition is accom-

plished by irradiating a surface with a focused electron beam

in a constant partial pressure of a sufficiently volatile precur-

sor, typically in an electron microscope. Deposition occurs

when transiently adsorbed precursors undergo electron stimu-

lated decomposition and form nonvolatile products. Due to the

comparative ease with which electron beams can be focused

and manipulated, EBID possesses a unique and attractive

combination of capabilities for prototyping well-defined,

three-dimensional nanostructures, and the flexibility to deposit

on nonplanar surfaces.

Despite its ability to generate a range of different nano-

structures, EBID is not without its shortcomings. One of the

major limitations of EBID is that the metal containing nano-

structures often contain unacceptable levels of organic con-

tamination (predominantly carbon) that limit the range of

useful applications for the EBID material. These impurities

are a consequence of the fact that in addition to depositing

metal atoms, the EBID process also decomposes the ligand

architecture of the precursor and this leads to the formation

of nonvolatile organic contaminants. The presence of these

organic contaminants causes EBID structures to have higher

resistance values compared to bulk metals. For example, the

resistivity reported for metal nanostructures created from a

common platinum EBID precursor trimethyl(methylcyclo-

pentadienyl)platinum (MeCpPtMe3) have been measured at

1.5� 103 lX cm, compared to the resistivity of pure plati-

num (10.62 lX cm).5

In an attempt to remove or at least reduce the level of

contamination in EBID materials a number of in situ or post-

deposition purification techniques have been developed.

Post-deposition purification techniques capable of reducing

the carbon content include simply annealing the substrate

or exposing deposits to oxygen while heating the substrate.6,7

In situ techniques focus mainly on changing the electron

beam parameters, namely, the spot size, dwell time, or current

density.8–12 Another in situ approach to improve purity has

involved performing EBID on a heated substrate.8 For exam-

ple, using the Me2Au(tfac) precursor Koops et al. showed

that depositions carried out at a substrate temperature of

80 �C resulted in EBID materials with lower resistivitya)Electronic mail: howardf@jhu.edu
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compared to deposits created on substrates maintained at

room temperature.13 The lower resistivity was ascribed to the

fact that the atomic percentage of Au in the deposits increased

significantly when the substrate temperature during deposition

was increased (1–15 at. % at room temperature vs 70 at. % at

80 �C). In another example, Wang et al. showed that for

EBID films created from Pt(PF3)4 in an Auger electron spec-

trometer the (Pt/PtþP) atomic percent increased systemati-

cally as the substrate temperature increased from 25 �C to

120 �C.14 More recently, Mulders et al. performed a system-

atic temperature dependent study on a range of EBID precur-

sors: W(CO)6, TEOS, MeCpPtMe3, Co(CO)3NO, Co2(CO)8,

and Me2Au(acac). This study revealed that increases in metal-

lic content can occur when the substrate temperature was

increased, although the importance of this processing variable

depended on the precursor.15 For example, TEOS and

MeCpPtMe3 showed no increase in metallic content when the

substrate temperature was increased. In contrast, the metallic

content of EBID films created from W(CO)6 increased from

36.7 at. % to 59.2 at. % when the substrate temperature was

increased from 25 �C to 280 �C. Collectively, these results on

W(CO)6 and Pt(PF3)4 strongly suggest that thermal as well as

electron stimulated reactions can also contribute to the overall

decomposition process and thus the ultimate chemical compo-

sition in the deposit. However, the underlying reactions

responsible for these temperature dependent variations in film

composition have yet to be elucidated.

In the past several years, we have focused on developing a

molecular level understanding of the EBID process by study-

ing the underlying surface chemistry that occurs when pre-

cursor compounds (predominantly organometallic) adsorbed

on solid substrates at low temperatures (<-110 �C) are

exposed to electron irradiation in an ultra-high vacuum

(UHV) environment. In contrast, typical EBID structures are

created in the presence of a partial pressure of precursor mol-

ecules using a substrate whose temperature is at or above

room temperature. Once deposited these nanostructures are

typically characterized post-deposition by scanning electron

microscopy (SEM) or transmission electron microscopy, and

compositionally through energy-dispersive x-ray spectros-

copy. In contrast, our UHV surface science approach enables

us to study changes in composition and bonding in situ during

the deposition process by using a combination of comple-

mentary analytical techniques such as x-ray photoelectron

spectroscopy (XPS) and mass spectrometry (MS). XPS, in

particular, has proved particularly useful by virtue of its abil-

ity to inform on changes in both composition and bonding

within the film. Using this UHV surface science approach we

have studied the electron stimulated reactions of several pre-

cursors: MeCpPtMe3,16 Me2Auacac,17 Cp2Ni,18 Cu(hfac)2,18

Pt(PF3)4,19 and W(CO)6.20 Results from these studies have

revealed the importance that ligand architecture plays in

determining the electron stimulated decomposition pathways

as well as the nature and concentration of the residual organic

contaminants.

In the present study we have expanded the scope of these

studies to probe the interplay that exists between substrate

temperature and electron fluence in terms of the effect that

these two variables have on the composition and metallic

content of EBID films created under UHV conditions from

MeCpPtMe3, Pt(PF3)4, and W(CO)6. The choice of these

three molecules was predicated on their widespread use by

the EBID community as precursors, and our understanding

of the purely electron stimulated decomposition pro-

cess.7,8,10,11,16,19,21–32 In addition, our results can be com-

pared and benchmarked against compositional data that

already exist from previous EBID studies where deposition

was accomplished under more typical conditions. Our exper-

imental approach involved exposing nanometer thick films

of parent precursor molecules to different electron fluences.

After electron exposure the films were annealed in stages

while their composition and bonding was tracked in situ
with XPS. In this way, we were able to probe the effect of

substrate temperature on different surface bound species cre-

ated by electron stimulated reactions. Results from these

studies have also helped us to elucidate the bond breaking

processes that are responsible for the effects that changing

substrate temperature have on the chemical composition of

EBID materials created from these three precursors.

II. EXPERIMENT

The UHV chamber (Pbase< 5� 10–9 Torr) and its capabil-

ities have been described previously.16,31 In essence, experi-

ments involved depositing nanometer thick films of

precursor molecules onto cooled substrates under UHV con-

ditions, exposing these films to a known electron fluence fol-

lowed by annealing. Brief descriptions of the various

experimental elements are provided in Secs. II A–II F.

A. Precursors

Three different EBID precursors were used: MeCpPtMe3

(CAS 94442-22-5, Aldrich) is a low vapor pressure solid;

Pt(PF3)4 (CAS 19529-53-4, Strem Chemicals, Inc.) is a high

vapor pressure liquid; W(CO)6 (CAS 14040-11-0, Strem

Chemicals, Inc.) is a low vapor pressure solid. Each precur-

sor was attached to a stainless steel gas manifold which was

coupled to the UHV chamber via a leak valve. The manifold

was evacuated and the precursor purified by direct pumping

[MeCpPtMe3 and W(CO)6] or by a series of freeze-pump

thaw cycles [Pt(PF3)4]. The gas manifold was then filled

with a partial pressure of the precursor [for W(CO)6 this

required heating the compound to 75 �C]. The purity of the

gases was routinely checked by a quadrupole mass spectrom-

eter housed within the UHV chamber.

B. Substrates

For MeCpPtMe3 and W(CO)6 a polycrystalline Au sub-

strate was used, while an amorphous carbon (a:C) substrate

was used for experiments involving Pt(PF3)4. This choice of

substrates was governed by the general lack of chemical reac-

tivity and ease of cleaning. Each substrate was mounted onto

a manipulator with the capability for xyz translation and rota-

tion, as well as the ability to be liquid nitrogen cooled and

resistively heated. In selected instances experiments were

repeated on different substrates to verify that observed
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phenomena were not influenced by the substrate. For exam-

ple, the temperature dependent shifts in the Pt(4f) peak posi-

tions observed for MeCpPtMe3 on Au substrates were also

observed on a:C substrates.

C. Analysis

XPS was performed with a Physical Electronics 5400 sys-

tem using Mg Ka x rays (h�¼ 1253.6 eV). All x-ray photo-

electron (XP) spectra were deconvoluted with commercially

available software (CASA XPS); peak positions obtained for

MeCpPtMe3 and W(CO)6 films deposited on Au substrates

were aligned to the Au(4f7/2) peak at 84 eV, while all

Pt(PF3)4 films deposited on a:C were aligned to the C(1s)

peak at 284.6 eV.33 XP spectra were measured with a step

size of 0.125 eV and at pass energies of 89 and 22 eV. Data

obtained at 22 eV pass energy were used to determine the

exact peak positions and spectral envelopes, while experi-

ments performed at 89 eV pass energy were used to quantify

fractional coverages of different elements.

D. Creating films

Experiments involved first creating nanometer scale thick

films of EBID precursors under UHV conditions. Nanometer

scale thick films were created for Pt(PF3)4 (0.3 nm),

MeCpPtMe3 (2.5 nm), and W(CO)6 (1.5 nm). These film

thicknesses were determined based on the compound’s mo-

lecular structure to correspond to an average coverage of

�1–2 monolayers. Each film was created by leaking the pre-

cursor into the chamber through the UHV compatible leak

valve and onto a cooled (-110 �C) 1 cm2 substrate. The film

thickness was determined by measuring the signal attenua-

tion from the substrate’s photoelectrons using XPS. For both

of the C(1s) and Au(4f) photoelectrons, an inelastic mean

free path of 2.0 nm was used.34

E. Electron source

Once the film’s thickness and composition had been deter-

mined it was exposed to a known electron fluence. As

described previously, a commercial flood gun (Specs FG

15/40) was used as a broad beam electron source.16,17 Prior to

use, the electron gun was thoroughly outgassed and character-

ized by a Faraday cup to ensure that the sample surface was

subjected to a relatively uniform electron fluence. The incident

electron energy was calculated from the sum of the electron

energy generated by the flood gun (480 eV) and a positive bias

(þ20 V) applied to the substrate to attract the secondary elec-

trons emitted during irradiation. Thus, the total electron

energy used throughout this study was 500 eV. The energy of

the electrons produced by the flood gun was also characterized

by the hemispherical electron analyzer. The target current was

held at 5 lA, and was monitored by a picoammeter connected

to the substrate through the heating rods. For all experiments

electron irradiation is reported in terms of fluence (e�/cm2).

F. Annealing protocol

Once the film had been irradiated by a known electron

fluence the substrate temperature was increased from

�110 �C in incremental steps to a final temperature

>200 �C, and the change in the film’s composition and bond-

ing was monitored by XPS. For films created with W(CO)6

and Pt(PF3)4, the temperature was increased to the desired

value and then held at that point for 10 s; for films created

from MeCpPtMe3 the substrate temperature was maintained

for 25 s. After annealing, the film was allowed to cool back

to �110 �C and an XP spectrum was taken. The film was

then heated again to a higher temperature and the procedure

repeated. At the conclusion of each set of annealing experi-

ments the surface was cleaned by Arþ ion bombardment.

III. RESULTS AND DISCUSSION

The present study uses an UHV surface science approach

as a route to understand the impact of substrate temperature

and electron fluence on the chemical composition and bond-

ing in EBID structures created from three different precursors.

The effect of these two variables was probed by first electron

irradiating the molecular precursor under UHV conditions

at low temperatures before annealing. By varying the initial

electron fluence prior to annealing, the thermal reactions of

different species produced by electron induced decomposition

of the parent molecules can be interrogated. This approach is

facilitated by the temperature independent nature of electron

stimulated processes, providing a rationale for our experimen-

tal methodology where these two processing variables are in-

dependently varied. To ensure that results from our studies

are relevant to typical EBID experiments performed in the

presence of a constant partial pressure of precursor molecules

it is necessary to ensure that all of the parent molecules

[MeCpPtMe3, Pt(PF3)4, and W(CO)6] have been depleted by

electron stimulated reactions prior to annealing. This step

ensures that the effect of substrate temperature provides infor-

mation only on the fate of those nonvolatile species deposited

on the surface by electron beam reactions with the precursor.

To accomplish this goal we have taken advantage of informa-

tion acquired in our previous UHV studies,16,19 which indi-

cate that the initial electron induced reaction of the three

precursor molecules [MeCpPtMe3, Pt(PF3)4, and W(CO)6]

involves the ejection of gas phase CH4, PF3, and CO species,

respectively. In typical EBID experiments this initial electron

stimulated reaction corresponds to the electron stimulated

deposition event that converts the transiently adsorbed precur-

sor molecule into a surface bound species.

A. MeCpPtMe3

Our previous studies have shown that the electron stimu-

lated deposition of MeCpPtMe3 proceeds via the cleavage of

a single Pt-CH3 bond and the ejection of methane accompa-

nied by a decrease in the Pt(4f7/2) binding energy as the

Pt(IV) species in the parent molecule are reduced.16 Thus,

all of the annealing experiments were conducted on films ini-

tially exposed to an electron fluence in excess of the value

required to convert all of the parent species to products as

judged by, (1) spectral deconvolution of the Pt(4f) region,

and (2) the completion of methane production as judged by

MS.
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Figure 1(a) shows the variation in chemical composition

of three MeCpPtMe3 films initially exposed to electron flu-

ences of 3.37� 10þ16 e�/cm2 (triangles), 1.042� 10þ17 e�/

cm2 (squares), 2.75� 10þ17 e�/cm2 (circles) and then

annealed from �110 �C to 367 �C. These three electron flu-

ences include values that are just slightly larger than the

fluence necessary to cleave all of the Pt-CH3 bonds within

the adsorbate layer (3.25� 10þ16 e�/cm2) and an electron

fluence that is well in excess of this point.16 Analysis of

Fig. 1(a) reveals that regardless of the electron fluence the

film’s composition is �90% carbon and �10% platinum.

The slight (1–2%) increase in the carbon content of films

exposed to a larger electron fluence can reasonably be

ascribed to carbon deposition from hydrocarbons present in

the UHV background and/or created by the electron gun.

Regardless of the initial electron fluence, Fig. 1(a) shows

that the film’s composition remains invariant to the sub-

strate temperature in the range �110 �C to 367 �C. This

indicates that following the initial Pt-CH3 bond cleavage

event, no volatile carbon-containing species are left within

the deposit.

Although the Pt/C ratio in films created from MeCpPtMe3

does not change with increasing electron fluence and/or tem-

perature, we did observe a systematic decrease in the binding

energy of the Pt(4f) peaks at substrate temperatures in excess

of 50 �C. An example is shown in Fig. 2 for a MeCpPtMe3

film initially exposed to an electron fluence of 3.37� 10þ16

e�/cm2; similar trends were observed for all films regardless

of the initial electron fluence or the nature of the substrate

(Au or a:C). Thus, Fig. 2 shows that the Pt (4f7/2) peak posi-

tion remains constant at �72.4 eV for substrate temperatures

<50 �C, but then decreases systematically to 71.3 eV as the

temperature is increased from 50 �C to 367 �C. This final

value of the Pt(4f7/2) peak position is close to the reported

value for metallic platinum, 71.1 eV.16 The implications of

this change in Pt(4f) peak position upon thermal annealing

are described later in Sec. IV.

B. Pt(PF3)4

Previously we have shown that the electron stimulated

deposition of Pt(PF3)4 is initiated by the cleavage of a single

Pt-PF3 bond, the ejection of one PF3 ligand, and the forma-

tion of a surface bound Pt(PF3)3 intermediate.19 More pro-

longed electron exposures cause electron stimulated P-F

bond cleavage within the Pt(PF3)3 intermediate, the loss of

fluorine and the creation of coordinately unsaturated phos-

phorous atoms which react rapidly with any residual water

vapor, generating an amorphous film that contains platinum,

phosphorous, fluorine, and oxygen atoms (PtP3FxOy). The

effects of electron fluence on adsorbed Pt(PF3)4 molecules

are summarized on the left hand side of Fig. 3. To ensure

that annealing experiments performed as part of the present

investigation were conducted on films where all of the parent

Pt(PF3)4 molecules had decomposed, the initial electron flu-

ence was in excess of the value required to create the

Pt(PF3)3 intermediate (2.39� 10þ15 e�/cm2).19 This was

verified experimentally by ensuring the intensity in the P(2p)

region had decreased to 75% of the value measured after

Pt(PF3)4 adsorption, and before the onset of electron

irradiation.

Figures 4(a) and 4(b) show the spectral evolution of the

Pt(4f), P(2p), and F(1s) regions as a function of annealing

temperature for Pt(PF3)4 films initially exposed to a compa-

ratively low (2.39� 10þ15 e�/cm2) and high (8.32� 10þ16

e�/cm2) electron fluence at �110 �C. Consequently, Fig.

4(a) shows the effect of substrate temperature on a film com-

posed principally of Pt(PF3)3 species, while Fig. 4(b) illus-

trates how annealing affects an amorphous film that contains

platinum, phosphorous, fluorine, and oxygen atoms

(PtP3FxOy). Figure 5 shows the effect of annealing on vari-

ous film characteristics, specifically the Pt/P ratio, F signal,

and Pt(4f7/2) binding energy for two Pt(PF3)4 films initially

FIG. 1. (Color online) (a) Effect of substrate temperature on the elemental

composition of 2.5 nm thick films of MeCpPtMe3 exposed to electron fluen-

ces of 3.37� 10þ16 e�/cm2 (triangle), 1.042� 10þ17 e�/cm2 (square), and

2.75� 10þ17 e�/cm2 (circle). Films were exposed to electron irradiation at

�110 �C and then heated in stages up to 367 �C. (b) Composition of EBID

films created in an electron microscope using MeCpPtMe3 as a function of

the substrate temperature. Reprinted with permission from Mulders, Belova,

and Riazanova, Nanotechnology 22, 055302 (2011).
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exposed to a comparatively low (6.24� 10þ15 e�/cm2) and

high (3.31 � 10þ17 e�/cm2) electron fluence at �110 �C.

For the film exposed to a comparatively low electron flu-

ence, composed principally of Pt(PF3)3 species at �110 �C,

analysis of Figs. 4(a), 5(a), and 5(b) reveals that increasing

substrate temperature produces a decrease in the concentra-

tion of phosphorous and fluorine atoms, while the P/F ratio

(not shown) remains relatively unchanged. These changes

occur predominantly above 0 �C and give rise to a systematic

increase in the Pt/P ratio [Fig. 5(a)]. Collectively, these

results support the idea that the principal effect of annealing

is to facilitate the thermal desorption of intact PF3 ligands

from the Pt(PF3)3 intermediate

PtðPF3Þ3ðadsÞ þ D! PtðPF3Þ3�xðadsÞ þ xPF3ðgÞ " :

Thus, the overall sequence of bond breaking steps for these

films can be described by the following sequence:

PtðPF3Þ4ðgÞ þ e� ! PtðPF3Þ3ðadsÞ þ PF3ðgÞ "
ðelectron stimulated deposition at� 110 �CÞ;

PtðPF3Þ3ðadsÞ þ D! PtðPF3Þ3�xðadsÞ þ xPF3ðgÞ "
ðthermally stimulated PF3desorption above 0 �CÞ:

Since both steps involve Pt-PF3 bond cleavage, the overall

process is analogous to the chemical vapor deposition

FIG. 2. (a) Pt(4f) XP region of a 2.5 nm thick EBID film of MeCpPtMe3 after being exposed to an electron fluence of 3.37� 10þ16 e�/cm2 at �110 �C, and

then annealed in stages up to 367 �C. (b) Variation in the Pt(4f7/2) XPS peak position for the same film.

FIG. 3. Interplay between the effect of electron fluence and substrate temper-

ature on the structure and elemental composition of Pt(PF3)4 films exposed

to comparatively small (upper reaction sequence) and large (lower reaction

sequence) electron doses.

FIG. 4. Effect of annealing on the Pt(4f), P(2p), and F(1s) XP regions for

0.3 nm thick films of Pt(PF3)4 exposed to electron fluences of (a)

2.39� 10þ15 e�/cm2 and (b) 8.32� 10þ16 e�/cm2. Films were initially irra-

diated at �110 �C and then annealed in stages up to 295 �C.
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(CVD) of Pt from Pt(PF3)4 which occurs exclusively by

Pt-PF3 bond cleavage. This can be reasonably inferred

because CVD of Pt(PF3)4 can produce pure Pt films.35 Con-

sistent with the idea that the EBID and CVD processes are

analogous under these conditions, Fig. 5(a) shows that the

change in Pt/P ratio above room temperature for films com-

posed of Pt(PF3)3 species is very similar to the one observed

when a film composed of Pt(PF3)4 is annealed from �110 �C
in the absence of any initial electron beam irradiation [solid

diamonds in Fig. 5(a)].

In addition to the thermally induced changes in chemical

composition, the Pt(4f7/2) binding energy was observed to

decrease when films initially composed of Pt(PF3)3 at

�110 �C were annealed above room temperature, as shown

in Fig. 4(a) and plotted in Fig. 5(c). Analogous to the behav-

ior of films created from MeCpPtMe3, this change in binding

energy is indicative of an increase in metallic character.

For the amorphous films formed when Pt(PF3)4 films were

exposed to a larger electron fluence and which contain plati-

num, phosphorous, fluorine, and oxygen atoms (PtP3FxOy),

analysis of Fig. 5 and a comparison between Figs. 4(a) and

4(b) reveals that the effect of substrate temperature differs

significantly from the behavior of the Pt(PF3)3 species. The

most obvious difference is in the behavior of the phosphorous

and fluorine signals in Fig. 4(b) which are relatively unaf-

fected by increasing the substrate temperature in marked con-

trast to Fig. 4(a). Consequently, the Pt/P ratio for these films

remains largely unchanged except for a slight increase at the

highest temperatures. This lack of compositional dependence

on substrate temperature can be rationalized by the fact that

prolonged electron irradiation decomposes the PF3 ligands

within the Pt(PF3)3 intermediate due to P-F bond cleavage

effectively removing the thermal route for phosphorous or

fluorine atoms to be removed by PF3 ejection as shown by

PtP3FxOYðadsÞ þ D! No change:

One interesting consequence of this difference in behavior is

manifested in Fig. 5(b). This reveals that although a Pt(PF3)4

film initially exposed to a large electron fluence at �110 �C
has a lower fluorine atom concentration due to the effects of

P-F bond cleavage, the fluorine content of a Pt(PF3)4 film

initially exposed to a much lower initial electron fluence at

�110 �C is actually lower at substrate temperatures greater

than 200 �C, due to thermal desorption of PF3 ligands. This

is a consequence of the fact that the fluorine and phospho-

rous atoms in the amorphous films that form at a higher elec-

tron fluence are essentially “locked” or trapped in the film.

Consequently, for platinum atoms encased in the phospho-

rous rich matrix that forms at a higher electron fluence, Fig.

5(c) shows that there is no increase in metallic character as

the substrate temperature increases.

C. W(CO)6

The electron stimulated reactions of W(CO)6 can be

described by an initial step which involves the desorption of

multiple CO ligands from the parent molecule to produce

partially decarbonylated species [Wx(CO)y]. Once formed,

these species undergo electron stimulated decomposition

ultimately producing oxidized tungsten atoms embedded in a

carbon matrix, (WxOb)Cads (Fig. 6).20 To ensure that all of

the parent W(CO)6 molecules had reacted prior to annealing,

films were exposed to an electron fluence in excess of the

value where no more CO was being evolved as determined

by mass spectrometry. This electron fluence corresponds to

�1� 10þ17 e�/cm2.20

Figures 7(a) and 7(b) compare the effect of increasing

substrate temperature on W(CO)6 films initially exposed to

an electron fluence of 1.00� 10þ17 e�/cm2 and 4.49� 10þ17

e�/cm2, respectively. This corresponds to studying the effect

of annealing on [Fig. 7(a)] a film composed of a mixture of

partially decarbonylated tungsten Wx(CO)y species as well

FIG. 5. Effect of substrate temperature on (a) platinum to phosphorus (Pt:F)

ratio, (b) fluorine concentration, and (c) the Pt(4f7/2) binding energy. EBID

films were created by irradiating 0.3 nm thick films of Pt(PF3)4 at �110 �C
to electron fluences of 0 e�/cm2 (black diamonds), 6.24� 10þ15 e�/cm2

(white triangles), and 3.31� 10þ17 e�/cm2 (black circles) prior to annealing.

FIG. 6. Effect of substrate temperature on the structure and elemental com-

position of W(CO)6 films exposed to comparatively small (upper reaction

sequence) and large (lower reaction sequence) electron doses.
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as some oxidized tungsten atoms encased in a carbonaceous

matrix, (WxOb)Cads, and [Fig. 7(b)] a film that contains

almost exclusively oxidized tungsten atoms encased in a car-

bonaceous matrix, (WxOb)Cads.

Analysis of the spectra shown in Fig. 7(a) reveals, for

annealing temperatures >25 �C, there is a decrease in signal

intensity within the O(1s) and C(1s) regions at 534 and

287.5 eV, respectively, corresponding to peaks associated

with CO ligands.36 The loss of these spectral features indi-

cates that CO can desorb at substrate temperatures >25 �C.

Indeed, evidence of thermal CO desorption from partially

decarbonylated metal carbonyls has been observed in

previous temperature programmed desorption studies of

Fe(CO)5 and Ni(CO)4 (Refs. 37–40), where films were elec-

tron beam irradiated at lower substrate temperatures under

UHV conditions and then heated. Analysis of the W(4f)
region indicates that when CO desorbs from the film, there is

a slight increase in the spectral intensity at �34.9 eV within

the W(4f) region as well as the concentration of adsorbed

carbon atoms (Cads) and oxide species (O2�). All of these

spectral changes indicate that thermal desorption of CO from

Wx(CO)y species competes with ligand (CO) decomposition,

the latter adding to the concentration of oxidized tungsten

atoms encased in the carbonaceous matrix [(WxOb)Cads].

FIG. 7. Evolution of the W(4f), C(1s), and O(1s) XP regions for 1.5 nm thick films of W(CO)6 exposed to electron fluences of (a) 1.00� 10þ17 e�/cm2 and, (b)

4.49� 10þ17 e�/cm2 at �110 �C and then heated in stages to 200 �C.
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Thus, these thermal effects on partially decarbonylated spe-

cies can be summarized as (see Fig. 6)

WxðCOÞyðadsÞ þ D! ðWxObÞCads þ CO " ðgÞ:

This competition between CO desorption and decomposition

above room temperature is consistent with the behavior of

molecular CO adsorbed directly onto W surfaces at �173 �C
and then annealed in a stepwise fashion to 127 �C.41

For W(CO)6 films exposed to a larger electron fluence the

partially decarbonylated Wx(CO)y species undergo electron

stimulated decomposition and the film converts to one that is

composed of oxidized tungsten atoms embedded in a carbon

matrix (WxOb)Cads. This is the situation in Fig. 7(b) for a

W(CO)6 film exposed to an electron fluence of 4.49� 10þ17

e�/cm2. In contrast to Fig. 7(a) analysis of the W(4f), C(1s),

and O(1s) regions of Fig. 7(b) shows that increasing sub-

strate temperature has little or no effect on this film’s chemi-

cal composition or bonding, analogous to the behavior of

Pt(PF3)4 molecules which had been initially exposed to a

large initial fluence [see Figs. 4(b) and 5]. This similarity in

behavior between Pt(PF3)4 and W(CO)6 is a reflection of the

fact that for a sufficiently high electron fluence all of the

ligands have been decomposed by multiple electron adsorb-

ate interactions and, consequently, there is no opportunity

for any subsequent thermally induced ligand desorption and

corresponding change in chemical composition. All of the

oxidized tungsten atoms are essentially trapped within the

amorphous carbonaceous matrix and increasing the substrate

temperature has no effect (see Fig. 6)

ðWxObÞCads þ D! no change:

1. Broader implications

XPS data have been used to probe the effect of tempera-

ture on the fate of different species formed by electron irra-

diation of MeCpPtMe3, W(CO)6, and Pt(PF3)4. This

information can also serve as the basis to understand temper-

ature dependent changes in film composition when deposi-

tion occurs continuously and in the presence of a constant

flux of electrons (i.e., typical EBID experiments conducted

in electron microscopes).

For precursors such as MeCpPtMe3, where our previous

studies have shown no evidence of an identifiable surface

bound intermediate,16,18 temperature and electron beam flux

should not influence the film’s chemical composition. This is

consistent with the experimental data shown in Fig. 1(a) and

also with recent results obtained by Mulders et al. [Fig. 1(b)],

who studied the composition of EBID films created from

MeCpPtMe3 in a SEM as a function of substrate temperature

in the range 25 �C to 360 �C.15 Indeed, despite the different

deposition conditions and analytical techniques (XPS in the

present study, and EDS in the study by Mulders), a compari-

son of Figs. 1(a) and 1(b) shows that the chemical composi-

tion of the EBID materials is very similar in the two studies.

This insensitivity to deposition conditions also supports the

idea that the comparatively low incident electron energies

(500 eV) used in the present study serve as a good proxy for

the effects of the significantly higher electron energies

(>1 keV) used to initiate EBID in electron microscopes.

Moreover, the lack of a surface bound intermediate in the

electron stimulated decomposition of MeCpPtMe3 helps to

rationalize the empirical observation that the platinum con-

tent in nanostructures created by EBID from MeCpPtMe3 are

invariably observed to be in the range of 10–20% despite the

range of different instruments and gas phase conditions used

for deposition, and the variety of analytical techniques used

to determine composition.3,8,42 This insensitivity to deposi-

tion parameters coupled with the incorporation of all of the

carbon atoms in the Cp ligands as well as two of the Pt-CH3

carbon atoms into the deposit means that the prospects for

creating pure or even platinum rich deposits from this precur-

sor by varying deposition conditions are poor.

For the other two precursors, W(CO)6 and Pt(PF3)4, the

agreement between our UHV results and those obtained in

more typical EBID studies is more qualitative due to the

presence of surface intermediates which can remain either

partially or completely decomposed depending on the depo-

sition conditions and the rate of the electron and/or thermal

stimulated decomposition pathways. However, our experi-

mental data still enable us to rationalize the effects of

increasing substrate temperature on composition. Thus, for

W(CO)6, the principle reason why Mulders observed an

increase in tungsten content as the substrate temperature

increased from 0–150 �C can be ascribed to the onset of ther-

mally assisted CO desorption from partially decarbonylated

Wx(CO)y species which can occur above room temperature

[see Fig. 7(a)]. Conversely, when deposition is performed at

lower substrate temperatures where thermal desorption of

CO from Wx(CO)y species is not possible, more of the car-

bon and oxygen become trapped within the deposit.

For Pt(PF3)4 the overall fate of the molecule can be

described by Fig. 8, in which the initial electron stimulated

deposition event involves the ejection of a single PF3 ligand,

while the fate of the Pt(PF3)3 intermediate thus formed is

sensitive to the deposition conditions. High substrate temper-

atures and low electron fluxes will favor thermal decomposi-

tion of the Pt(PF3)3 intermediate leading to PF3 ejection,

while comparatively low substrate temperatures and high

electron fluxes will favor further electron stimulated

FIG. 8. Summary of the effect that different deposition conditions (electron

fluence and substrate temperature) will have on the fate of Pt(PF3)4 mole-

cules dissociated during EBID.
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decomposition of the Pt(PF3)3 intermediate which proceeds

via P-F bond cleavage and F� ejection. Consequently, under

conditions where the electron flux is held constant and the

substrate temperature increases we would expect to increas-

ingly favor thermal over electron stimulated decomposition

of Pt(PF3)3 intermediate. This provides a rationale for why

the Pt/P ratio in films deposited from Pt(PF3)4 by Wang

et al. in an Auger system increased significantly as the sub-

strate temperature increased from 25–100 �C.14 In contrast to

platinum and phosphorous atoms, however, fluorine atoms

can be removed continuously by electron irradiation. This is

the reason why deposits can be created from Pt(PF3)4 that

contain only Pt and P atoms.11,14,22

In addition to the effect that substrate temperature has on

film composition, our results show that the binding energy of

platinum atoms in the Pt(4f) region decreases systematically

as the substrate temperature increases above 0 �C [Figs. 2

and 5(c)], an effect which is consistent with an increase in

metallic character. For films created from MeCpPtMe3, such

an effect can only be due to an increase in mobility and

nucleation of Pt atoms formed by the deposition process

since there are no corresponding changes in film composi-

tion. The situation is more complex for films created from

Pt(PF3)4 because increasing temperature also changes the

film’s composition. Since there was no temperature depend-

ent change in the binding energy of platinum atoms in films

where extensive PF3 ligand decomposition had occurred

[Fig. 5(b)], our results suggest that the principle reason for

the increase in metallic character in this system is due to PF3

ligand removal. Regardless, our results point toward the ben-

eficial effects that increasing substrate temperature (either

during deposition or as a post-deposition technique) can

have on the conductivity of EBID deposits even if there is

no change in composition. Indeed, several studies have

shown that post-deposition annealing improves the conduc-

tivity of EBID deposits created from MeCpPtMe3 and

Pt(PF3)4.8,13,21

The success of this UHV approach in rationalizing some

of the effects of deposition conditions on EBID materials

relies on its ability to focus on the surface species and bond

breaking processes that represent one important aspect of the

EBID process. It is important, however, to keep in mind that

other factors also contribute to the overall chemical compo-

sition of EBID materials created under steady state deposi-

tion conditions; these include the effects of electron induced

heating, diffusion, and the role played by contaminant gases

such as H2O which are often present in electron microscopes

at significant partial pressures.27,43–45 For example, the pres-

ence of water vapor can remove carbon atoms from deposits

through the formation of volatile carbon species such as CO

and CO2. These processes are mediated by reactive oxygen

species (such as oxygen atoms) formed by electron induced

decomposition of water molecules adsorbed to the surface.

However, these same species can also facilitate metal atom

oxidation. In contrast to the possible beneficial and/or detri-

mental effects of water vapor on the quality of EBID depos-

its, the presence of hydrocarbons can only negatively impact

purity by adding to the burden of deposited carbon. Another

factor which must be considered in translating the effect of

substrate temperature on chemical composition determined

from the UHV experiments described in this study to experi-

ments conducted under dynamic, steady state conditions is

the upper temperature limit (or ceiling) imposed by the onset

of conformal CVD deposition involving the precursor. For

example, in the case of MeCpPtMe3, spontaneous deposition

was observed in electron microscopes at 360 �C;15 conse-

quently, EBID experiments using this precursor should not

be conducted at substrate temperatures at or even slightly

below this temperature, to ensure the spatial integrity and

specificity of the deposit.

IV. SUMMARY AND CONCLUSIONS

The effect of electron fluence and substrate temperature

on the chemical composition and metallic character in EBID

films has been examined with a UHV surface science

approach using XPS to monitor changes in composition and

bonding within nanometer scale thick films of precursor

molecules initially exposed to different electron fluence at

�110 �C and then subsequently annealed. For MeCpPtMe3,

variations in the substrate temperature or electron fluence do

not change the film’s composition because electron

stimulated deposition decomposes the metal-ligand architec-

ture without the formation of any stable surface intermedi-

ate. Increasing substrate temperature does, however,

improve the mobility of platinum atoms encased within the

carbonaceous matrix that forms during deposition positively

impacting the extent of metal-metal bonding. For Pt(PF3)4

films initially exposed to a comparatively small electron flu-

ence, annealing leads to desorption of intact PF3 ligands

from Pt(PF3)3 intermediates formed during the initial deposi-

tion event. This also facilitates an increase in metal-metal

bonding at elevated substrate temperatures. In contrast, for a

larger initial electron fluence, electron stimulated P-F bond

cleavage within Pt(PF3)3 species creates platinum atoms

trapped in a matrix of phosphorous and fluorine atoms whose

composition and metallic character remain invariant to sub-

sequent increases in substrate temperature. For W(CO)6,

thermally stimulated reactions of partially decarbonylated

Wx(CO)y species formed during the initial electron induced

deposition event occur above room temperature and involve

a competition between CO desorption and decomposition. In

summary, this study highlights how a more detailed under-

standing of the intermediates and bond breaking processes

involved in EBID can help to rationalize the influence of

deposition parameters on film properties.
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