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Abstract 

 

The present paper intends to be a new study of a widely used precursor in nanostructure deposition and FEBID 

processes with focus on its fragmentation at collisions with low energy electrons. Newer developments in 

nanotechnology with applications to Focused Electron Beam Induced Deposition (FEBID) and Extreme 

Ultraviolet Lithography (EUVL), based on irradiation induced chemistry come with advances in the size of the 

nanostructures at the surface and their flexibility in creating highly complex 3D structures. The deformation in 

the main structures of the FEBID process characterized by elongation, reduction in diameter of the main 

structure and the deposition of additional thin layers around the structure on the substrate are results of the 

secondary electrons effect, colliding with energies lower than 20eV. Fe(CO)5 is one of the most used 

compounds in FEBID processes as it has a high pressure and has  been shown to provide high purity deposits 

(over 90%). This paper combines experiment and simulations to study electron scattering from Fe(CO)5, while 

experimental data on dissociative electron attachment is presented using the Velocity Slice Map Imaging (VMI) 

technique that combined with data collected on the CLUSTER apparatus at Comenius University, Bratislava and 

Quantemol-N simulations presents the fragmentation pathways and channel distribution for each of the 

resulting negative ions at low energies.  

The Quantemol-N simulation package is used to study collision processes of low-energy electrons with Fe(CO)5 

molecules including elastic, electronic excitation, and dissociative electron attachment (DEA) cross sections. 

 
1. Introduction 

1.1 Focused electron beam induced dissociation  

 

Focused Electron Beam Induced Deposition (FEBID) [1] is an emerging technique that can be used for nanosize 

structure growth [2]. As one of the newest methods to write sub-nm level structures, nanorods, nanowires (for 

tips used in deposition, in mask repair) and in the development of nanomaterials such as superconductors, 

magnetic materials, multilayer structures, metamaterials [3], [4], it is still in the initial phase. The feed stock 

gases used in FEBID are metallic compounds containing organic parts such as oxides, carbonyls and halogens. 

Such gases are dissociated by high energy electrons to produce metallic deposits  with current deposits purity 

rates in Fe of > 95% Lukasczyk et al [5], Fe > 80%  in the work of Gavanin et al [3] and Pt with purity  > 99% 

Thorman, Kumar and Ingólfsson [6]. However, in the FEBID process, backscattered, or secondary electrons are 

produced at low energies that subsequently   interact with the target molecule at energies as low as 0 eV. At 

such low energies, the dominant process leading to the molecule dissociation is Dissociative Electron 



Attachment (DEA).  

As part of a larger project, ELENA, and a continuation of a chain of projects involved with the study of Focused 

Electron Beam Induced Deposition (FEBID) and Dissociative Electron Attachment (DEA), CELINA [7], [8] and 

ARGENT [9], [10], the present study provides a detailed analysis of Fe(CO)5 using  Velocity Slice Map Imaging 

(VMI) whilst also using the Quantemol-N code to generate a set of low energy cross sections. Up to now, no 

VMI data has been declared on Fe(CO)5 compound, though mass spectrum measurements have been carried 

out [11], [12], [13] and data can be found on DEA to Fe(CO)5 clusters, degradation of Fe(CO)5 in electron 

stimulated studies, Fe(CO)5 deposited on Argon nanoparticles, ligand exchange dynamics of Fe(CO)5 in 

solutions, Fe(CO)5 bond acceptor - donator reactions with X = F, Cl, Br, dynamics studies of Fe(CO)5 by transient 

ionization and dissociation after ligand stabilization of Fe(CO)5 aggregates [14], [15]. 

The Velocity Slice Map Imaging (VMI) method uses a time-of-flight spectrometer for mass selection of the ions 

produced from the interaction of a molecular beam with an electron beam created by an electron gun 

equipped with a tungsten filament. The product ions are directed towards a MCP detector and a phosphor 

screen where a 2D picture image is captured by the use of a CCD camera. Used to study the dynamics of 

dissociative ionization and dissociative electron attachment of CO, H2O, NH3, CH4, H2S, H2D2, N2O, CF4, C2H2, 

the VMI method gives accurate information on angular distribution and kinetic energies of these two 

processes, however, to date, the method has not been largely used for metal-containing compounds in 

nanotechnology applications. 

This paper is organized as follows: firstly, we discuss the properties of the molecule (molecular geometry, 

vibrational frequencies and electron affinities) according to the fragmentation channel, then we discuss the 

experimental setup and the experimental results, while in the last section, we present the computational 

details and computational results.  

 
 
1.2 Molecular target 

 

Capable of providing iron nanostructures with  high purity and exhibiting high ferromagnetic behavior, Fe(CO)5, 

is a good candidate for the creation of structures at the nanoscale for magnetic sensing elements, hard disc 

data storage, logic devices, and sensors. Extensive studies on the applicability of Fe-carbonyls to nanosize 

structure growth by focused electron beam induced dissociation have been carried out, summarized in the 

work of De Teresa and Pacheco [1] and van Dorp and Hagen [2]. Analysis of the molecular structure of Fe(CO)5 

and simulations run using Quantemol-N offer reliable output cross sections values to induced collisions with 

excited electrons. The geometry of the molecule is presented in Figure 1. The molecule is a symmetric dihedral 

(D3h point work group) with the Fe atom in the center. The cartesian coordinates used in this work are listed in 

Table 1. Table 2 summarizes the vibrational frequencies corresponding to the specific fragmentation channels, 

as well as the electron affinities. 



 

Figure 1. Fe(CO)5 geometry. Orange: Fe atom. Grey: C atoms. Red: O atoms. 

 

1.3 Electron impact processes 

 

In this paper we seek to provide the electron impact cross sections for a variety of collision processes including 

elastic scattering: 

 

Fe(CO)5(X) + e → Fe(CO)5(X) + e,         (1) 

 

where X is the ground state denotes the molecule.  

 

Electron-impact excitation:  

 

Fe(CO)5(1A1) + e → Fe(CO)5(Y) + e,      (2) 

 

where Y stands for an excited state different from the ground state and 

 

Dissociative electron attachment: 

 

   Fe(CO)5(1A1) + e → Fe(CO)5
- → (CO)n +Fe(CO)5-n

-     (3) 

 

The latter process goes through formation of a resonance, i.e. an incoming electron forming a short-living 

quasi-bound state with the target molecule. This intermediate resonance then decays into fragments, 

therefore, the index n=(1...5). 

The probability of a scattering process is described with the use of scattering cross-section. Such cross-sections 

may be computed with the help of the R-matrix theory. The idea of the method lies in separating the scattering 

space into an inner and outer region. The inner region, separated from the outer region by a sphere of a certain 

radius, must contain the molecule with its N electrons and the incoming electron which becomes 

indistinguishable from the molecular orbitals. The outer region only contains the incoming electron which 



interacts with the potential of the N-electron molecule. The Schrödinger equation is solved separately for the 

target molecule, in the inner region, and in the outer region, and the solutions are matched at the boundary.  

For (1) and (2), the cross-section can be derived unambiguously if the wave function of the system is known. 

In the close-coupling (CC) expansion used in this paper, the wave function in the inner region is presented in 

terms of N-electron target states, Φi
N(x1...xN), continuum orbitals uij(xN+1), and quadratically integral functions 

Ψi
N+1 constructed from target occupied and virtual orbitals: 

 

     Ψk
N+1=A∑ijaijkΦi

N(x1...xN)uij(xN+1) + ∑ibij Ψi
N+1      (4) 

 
In the calculation, some electrons are “frozen” whilst the remaining electrons as well as the scattered electron 

can be redistributed between remaining bound orbitals, and the scattered electron occupies the continuum 

orbitals.  

For (3), additional data is needed. The R-matrix routines are used to find the energy, E, and the width, Γ, of the 

quasi-bound states, or resonances, when the incoming electron is temporarily bound to the molecule. It is 

assumed that the cross-section of scattering via an individual resonance behaves as described by Breit and 

Wigner: 

σBW (E, r)= 2π 
𝛤2/4

(𝐸−𝑉𝑟(𝑟))2 −𝛤2
4⁄
,    (5) 

 

where r is the distance between the dissociating fragments and Vr is the effective resonance potential. It is 

then assumed that this intermediate state dissociates into fragments effectively behaving like a diatomic 

molecule. A dissociative electron attachment estimator is incorporated in the Quantemol-N. The model is 

based on a few assumptions: 

- Relative to the active bond length(s), the molecular target potential can be approximated as Morse 

potential; the negative ion potential is either Morse potential or an exponentially decaying function. 

This allows vibrational wave functions corresponding to perturbing the bond between the dissociating 

fragments to be determined. 

- The potentials can be described with the vibrational frequency corresponding to the ground 

vibrational state and the dissociation energy of the molecular target. 

- The cross-section has a Breit-Wigner shape; each resonance formed during the scattering process is 

characterized by its position and width. 

More detailed description can be found in the paper of Munro et al [16]. 

 

 
2. Experiment 

2.1 Experimental Setup 

 

The VMI apparatus is presented in Figure 2. The vacuum system is maintained at a pressure of ~10-9mbar by a 

system of pumps, consisting of a turbopump together with a backing pump, an oil-free Varian TriScroll high-



speed scroll pump and a set of ion and Pirani gauges. The gas line is served by Oerlikon Leybold 30 l/s turbo 

pump at a pressure of 10-3mbar. The electrons involved in the electron-molecule collision processes are 

produced by thermionic emission from the 0.2mm tungsten filament in a the electron gun and collimated with 

both electrostatic lenses and a  magnetic field generated by two Helmholtz coils. The molecular beam is 

introduced to the chamber through the gas line and it is perpendicular to the electron beam. 

 
 
 

Figure 2. Velocity 

Slice Map Imaging 

apparatus at 

University of Kent, 

consisting of the 

high vacuum 

chamber, electron 

gun, and Helmholtz 

coils 

 
 
 
 
 
 
2.2 Experimental Results and Discussion 

 

In the DEA process Fe(CO)5 undergoes dissociation into five negative ions. The process is characterized by full 

dissociation as a result of the loss of five ligands to CO. The negative ion mass spectrum with the yields for each 

of the resonances, taken at Comenius University is presented in Figure 3 and are summarized in Table 2. 

The spectrum is in good agreement with the data reported from our TOF VMI (Time – of – Flight Velocity Slice 

Map Imaging) and with the initial work of Allan et al [17] and Lengyel et al [18]. 

The possible fragmentation pathways in the collision or ionization process of Fe(CO)5 are: 

 

Fe(CO)5 + e-  →  Fe(CO)5*  →   Fe(CO)4
- + CO  →   Fe(CO)3

- + 2(CO)  →    Fe(CO)2
- + 3(CO)  →   Fe(CO)- + 4(CO)  

→    Fe- + 5(CO). 

 

The most dominant ion produced by DEA is Fe(CO)4
- peaking around 0.2eV.  Allan et al [17] in their experimental 

work positioned their Fe(CO)4
- resonance at a value of 0.08 eV, defined by a narrow peak width of 70eV and a  

second resonance of the same ion but presenting lower amplitude at 0.26 eV, characterized by a beam 

resolution of 100meV. The high count rates for the dissociation resonances peaking near 0 eV show that the 

dominant process at these energies is intramolecular vibration causing the breakage of the ligand and a high 

rise in the dissociation cross-sections. The loss of one ligand in the DEA process at energies close to 0 eV is 



considered a transition process of the Fe(CO)5 in the neutral ground state σ to π* excited state, losing one of 

the axial CO bonds to metal, forming Fe(CO)4-. 

The electron affinity of the ions formed in the photo-dissociation process is presented by Engelking and 

Lineberger [19]. The authors experimentally determined the values by using an electrical discharge ion source 

and a Wien filter with an Ar ion laser. The values are presented in Table 1, comparable with the work of Shuman 

et al [11]. The Fe atom affinity is experimentally determined to be  0.164 ± 0.02eV, higher compared to the 

work of Chen et al [20] exhibiting a value of 0.153eV with the slow electron velocity map imaging (SEVI) 

method. The thermochemistry data from Shuman et al [11] falls back to the measurements of Engelking and 

Lineberger [19] with changes to the uncertainty corrections. They employed variable electron and neutral 

density attachment spectroscopy (VENDAMS) technique and flowing afterglow Langmuir probe mass 

spectrometer (FALP), to determine the accurate values of electron affinity and bond dissociation energies for 

the negative ions formed in the DEA process of Fe(CO)5. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Mass spectrum of Fe(CO)5 recorded at Comenius University, Bratislava  
 
 



The present kinetic energies have been calculated using the excess energy Ee = EA - BDE + Ei [21], where EA is 

the electron affinity, BDE is the bond dissociation energy and Ei is the incident electron energy. The maximum 

kinetic energy for the Fe(CO)4
- fragment is determined using the electron affinity of the fragment from 

Schuman et al [11] of 2.4±0.3eV, a bond dissociation energy of 1.81eV and the electron incident energy of 

0.2eV, with a resultant value of 0.61eV. The kinetic energy measurement from the velocity slice map imaging 

recorded data (Figure 6), shows a high rise slope between 0.2eV and 1eV, with the two maximum points in 

similar amplitude at 0.2eV and 0.85eV. 

 

 

 
  Figure 4. Fe(CO)5 anions imaged by VMI CCD camera: Fe(CO)4

- (a), Fe(CO)- (b), Fe-(c)  

 

 

Ions Shuman et al 

AE 

Shuman et al 

BDE 

Engelking and 

Lineberger  

AE 

Engelking and 

Lineberger  

Fe-C BDE 

Chen et al 

EA 

Fe(CO)4
- 2.4 +/-0.3 1.81 1.26+/-0.02 1.0+/-0.3 n/a 



Fe(CO)3
- 1.915+/-0.085 1.84 1.22+/-0.02 1.0+/-0.3 n/a 

Fe(CO)2
- 1.22+/-0.02 1.55 1.8+/-0.2 1.4+/-0.3 n/a 

Fe(CO)- 1.157+/-0.005 1.46 2.4+/-0.3 0.2+/-0.4 n/a 

Fe- 0.151+/-0.003 n/a n/a n/a 0.153 

 

Table 1. Fe(CO)5 electron affinity (EA) and bond dissociation energy (BDE)  

 

Fe(CO)3
- has a higher electron affinity in the work of Shuman et al [11], with a value of 1.915±0.085eV compared 

to 1.22±0.02eV reported by Engelking and Lineberger [19], with the maximum kinetic energy presenting high 

discrepancy between the two cited works of ~0.8eV. The fragmentation channel presents a peak at 1.3eV.  

Engelking and Lindeberger [19] present the appearance of a so-called “hot band” at the transition from Fe(CO)3
- 

to Fe(CO)2
- in the dissociation process, though the fragmentation energy of 2eV does not agree well with the 

VMI data reported here or the quadrupole mass spectra reported by Lacko et al [21] and cluster data from 

Lengyel et al [22]. The Fe- ion is presented in a separate work by Chen et al [20], who used a VMI method to 

determine the electron affinity by means of bombarding with Ar+ atoms. The calculated kinetic energy release 

maximum for the Fe- ion is 9.998±0.003eV.    

 

 
 

Figure 5: The angular distribution data of the negatively charged fragments, recorded with our VMI, as well as 

our kinetic energies show no triplet state dissociation, with the appearance of only one ring at the 

investigated channels. 

 

The FeCO- is found at 8.5eV. There is a ~1eV discrepancy between the work of Shuman et al [11], with an 
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electron affinity value of 1.157±0.005eV, and Engelking and Lineberger [19] with a value of 2.4±0.3eV, giving a 

kinetic energy of 8.197±0.005eV in the first case and 9.44±0.3eV, in the second case.  

Engelking and Lineberger [19] present the FeCO2
- as having lower electron affinity compared to FeCO-, but 

showing similar features. The VMI data is in good agreement with the kinetic energy calculations with values 

ranging between 3.87±0.02eV and 4.27±0.02eV, with electron affinities of 1.8±0.02eV and 1.22±0.02eV, 

Shuman et al [11].  

Higher electron affinity is observed in the transition from Fe to FeCO, assigned to the bond strength with the 

CO, though the work of Engelking and Lineberger [19] explains this by a stabilization of d orbitals of π symmetry 

in the interaction with the CO π* orbitals and a destabilization of d orbitals with ν symmetry by the ν orbitals 

of CO.    

 

 
Figure 6. Kinetic energies of negative ion Fe(CO)4

- 

  

Angular distributions of the anions were derived from the VMI images but the signal to noise make these 

unreliable.  The Fe(CO)-
4 presents high symmetry, with lower amplitude around  85deg. The same behavior can 

be seen for Fe(CO)-
3 and Fe(CO)4

- fragment  The higher fragmentation channels of  FeCO- and Fe(CO)-
2 present 

lower amplitudes up to 85deg then suggest backward cross sections. The Fe- is rather symmetric, compared to 

the rest of the fragments. 

 

Attributed channel Peak position, eV Peak height, ion counts Peak width, eV 

Fe(CO)5 + e → Fe(CO)-
5 → Fe(CO)-

4 + CO  0.2  1738 1.49 

Fe(CO)5 + e → Fe(CO)-
5 → Fe(CO)-

3 

+2CO  

1.3 212; 32 0.31;1.7;1.79;2.5 

Fe(CO)5 + e → Fe(CO)-
5 → Fe(CO)-

2 

+3CO  

4.2 35 3.18; 2.9 



Fe(CO)5 + e → Fe(CO)-
5 → Fe(CO)-

 + 4CO  8.5 1 5.35 

Fe(CO)5 + e → Fe(CO)-
5 → Fe-

 + 5CO  9 8 4.4 

 

Table 2. Experimental peak parameters and attributed channels 

 

 

3. Simulations 

 

3. 1 Numerical Setup 

 

The VMI experimental results presented in Section 2 are complemented with scattering calculations carried 

out with Quantemol-N software which makes use of the UKRmol code suite [16], [23], [24]. UKRmol computes 

scattering cross-sections based on the R-matrix theory. In the R-matrix theory, the time-independent 

Schrӧdinger equation is solved for the system molecule + incoming electron. The incoming electron is treated 

as indistinguishable from the target electrons inside of a sphere which is big enough to include the molecule 

and its orbitals. Outside of the sphere, the scattered electron is treated separately and the solution is energy-

dependent.  

The true symmetry point group of Fe(CO)5 is D3h. The input symmetry point group allowed by Quantemol-N In 

the calculation is C2v, therefore all the orbitals and excited states found in the calculation are irreducible 

representations of this group, namely, [A1, B1, B2, A2]. We use the cc-pVDZ basis set for both to find the ground 

and excited states of the molecular target and for the scattering calculations, and the configuration Interaction 

quantum chemistry model is employed.  The ground state energy is -1824.94 Hartree, and the configuration is 

23(a1)2, 11(b1)2, 11(b2)2, 3(a2)2 which is consistent with the result obtained by Daniel et al [25]. For 

comparison, the NIST database gives ground state energy in the range -1825.77 to -1830.75 depending on the 

basis set. The highest occupied molecular orbital has b1 symmetry and energy -7.59 eV.  

Scattering calculations are performed with the close coupling model, the R-matrix sphere radius is 13 Bohr.  

The convergence of the model was tested by increasing the complete active space (CAS) and running the 

calculations with different basis sets. The frozen orbitals are 22(a1)2, 10(b1)2, 11(b2)2, 2(a2)2 and the complete 

active space used in the calculation is 25(a1)2, 11(b1)2, 12(b2)2, 4(a2)2. Therefore there are 3 open orbitals and 

4 virtual orbitals included in the calculation. 

Note that the R-matrix method is less accurate at the energy above the ionization threshold. However, the 

calculated ionization energy is 7.59 eV which is in good agreement with Norwood et al [26]. 

 

3.1 Elastic electron and electron-impact excitation cross-sections 

 

The calculation shows that the ground state is 1A1 in the C2v point group or 1A1’ in the D3h point group.  

Figure 7 shows the elastic scattering cross-section for the electron energy in the range 0-10 eV.  



 

 
Figure 7.  Electron elastic scattering cross-section for Fe(CO)5 

 
The electronic excitation of the 1A1 state is characterized by the following processes: 

 

Fe(CO)5(1A1) + e → Fe(CO)5(X) + e 

 

where X stands for an excited state.  Energies, symmetry, and multiplicity of the first 8 excited states are given 

in Table 3. 

 

Excited state  Excitation 

energy, eV 

            3A2  2.58 

 1A2  2.77 

 3B2  3.13 

 3B1  3.27 

 1B2  3.40 

 1B1 3.67 

 3B1  4.35 

 1B1 4.51 

 



Table 3. Multiplicity and symmetry of the excited states in C2v and corresponding excitation energies 

 

Figure 8 shows excitation cross-sections from the ground state to the excited states listed in Table 3. For the 

metal carbonyl only three allowed transitions can be seen: 1A1’ →1,3E’, 1A1’→1,3E” and 1A1’ →b1E’. Rubner et al 

[27] present the appearance  of the Fe(CO)4 and Fe(CO)3 fragments in the frequency range of 1,3E’ and the 

appearance of Fe(CO)4, Fe(CO)3 and Fe(CO)2 as a b1E’.  The work of Rubner et al [27] used three separate models 

comparing the excitation bands for each of the states: CASSCF, MR-CCI, and ACPF. For our work, only d → πCO* 

transitions states were taken into account as the only states involved in the metal-CO ligand dissociation. 

The excitation cross-sections presented from our calculations are in good agreement with the data from 

Rubner et al [27]. It can be seen that the 1A1’ excitation singlet falls in the same energy range as the dissociation 

excitations ~4eV for Fe(CO)5 with the appearance  of Fe(CO)4
-, Fe(CO)3

- and Fe(CO)2
-. 

 

 
Figure 8. Electronic excitation of Fe(CO)5 by electron impact from the ground state. The curves are labeled 

correspondingly to the excited state multiplicity and symmetry 

 

3.2 Dissociative electron attachment cross-sections 

 

Dissociative electron attachment is assumed to go via the intermediate resonance Fe(CO)5
-. We have separated 

the energy range to a few sub-ranges of interest corresponding to different fragmentation channels. For each 

fragmentation channel, a specific set of parameters has to be used. Table 4 outlines the parameters used in 

the calculations. 

In order to associate each channel with a vibrational frequency, the exact character of the modes has to be 

taken into account. The vibrational modes can be visualized on ChemTube3D [7]. We make an assumption that 

bending modes do not participate in the dissociation; if certain modes lead to simultaneous stretching of Fe - 

CO bonds, then these bonds will break in the DEA process.  

In the dissociation process, the Fe(CO)5 molecule undergoes fast ionization from a ν state to π* state, Fe(CO)-



5, followed by a further detachment of an electron , characterized by a thermal process Allan et al [17], or loss 

of one CO ligand. Allan et al [17] reports the dissociation of the Fe(CO)-
5 into Fe(CO)-

4 + CO as plausible at two 

peak energies, 0.08eV and 0.25eV electron energy. From the mass spectrum, the peaks corresponding to this 

fragmentation channel are at 0.08eV and 0.26eV. From our VMI experiments, we found the fragmentation 

channel leading to the formation of Fe(CO)-
4 at 0.2eV incident energy, close to the data reported by them with 

a bond dissociation energy of 1.81eV. 

 
 

DEA fragmentation channel Energy 

range, eV 

Vibrational 

frequency, cm-1, 

mode 

Electron 

affinity, eV 

Bond 

dissociation 

energy, eV  

Fe(CO)5 + e-  →   Fe(CO)4
- + CO 0 - 1 2093.4 (E’) 2.4±0.3 1.81 

Fe(CO)5 + e-  →  Fe(CO)3
- + 2(CO) 1 - 2.5 2118.85 (A1’) 1.915±0.085 1.84 

Fe(CO)5 + e-  →   Fe(CO)2
- + 3(CO) 2.5-6 2093.4 (E’) 1.22±0.02 1.55 

Fe(CO)5 + e- →   Fe(CO)- + 4(CO) 4-10 2120.24 (A2’’) 1.157±0.005 1.46 

Fe(CO)5 + e-  →   Fe- + 4(CO) 6-10 2192.65 (A1’) 0.151±0.003  

 

Table 4.  Dissociative electron attachment parameters for each fragmentation channel. Electron affinity and 

bond breaking energies are from [11] 

 
The CO-stretch excitation cross-section was found at 0.66eV that might correspond to the 0.2eV Fe(CO)-

4 band 

or to the 1eV width wide Fe(CO)-
4 shoulder starting at 0.8eV . The CO-stretch for 0.7eV band has been reported 

in the literature to be due to the same π* resonance as the 1.3eV band, as Feshbach resonances are usually 0 

- 0.4eV lower than the parent electronically excited state. Our calculations took into account an electron affinity 

of 1.2 - 2.4eV and a vibrational frequency in the range 1000 – 2100cm-1 with a user-defined basis set based on 

cc-pVDZ with C2ʋ geometry.  

The resonances were found with the R-matrix routine RESON [29]. RESON returns all the resonances found in 

the process for each energy range. We calculate DEA cross-sections using specific dissociation energy, electron 

affinity and the effective mass corresponding to the fragmentation channel.  

 



 
 

Figure 9. Dissociative electron attachment cross-section as a function of electron affinity (EA), bond 

dissociation energy (BDE), and vibrational frequency 

 

The total cross sections calculated from the DEA process are presented in Figure 9. While the positions of the 

peaks are generally determined by the positions of the resonances and not by the parameters of the DEA 

model, they may slightly shift or get wider, and the relative heights also change as a function of the electron 

affinity, bond dissociation energy, and the vibrational frequency (to a lesser extent) which are, in turn, 

functions of the fragmentation channel. The main changes can be observed at low energies. Red curves in 

Figure 9 correspond to the electron affinity and the dissociation energy leading to the formation of Fe(CO)4
-. 

For comparison, we show the cross-section for 2 vibrational frequencies: 1000 cm-1 and 2000 cm-1. One can 

see that the peak at 0 becomes more prominent if the vibrational frequency is lower.  These curves describe 

DEA below 1 eV. 

The black curves correspond to the second fragmentation channel and the formation of Fe(CO)3
-. The relevant 

energy region is 1-2.5eV and for this level, the lower vibrational frequencies lead to the prevalence of the peaks 

at lower energies. Comparing the red and the black sets of curves, one can see lower electron affinity leads to 

a more pronounced peak (or better-separated peaks).  

At higher energies and for the parameters corresponding to Fe(CO)2
- and Fe(CO)-, the specific peak structure 

cannot be resolved, although one can see the signatures of the resonances between 3 and 4 eV and 6 and 7 

eV.  

A peak at 0.6eV with the highest intensity is observed in the range of 12.5 x 10-20 m2 corresponding to Fe(CO)4
-

, followed by a second peak corresponding to Fe(CO)3
- around 1.4eV with cross-sections in the range of 5.5 x 

10-20 m2 and a Fe(CO)2
- peak between 4eV and 5ev, the Fe- and FeCO- peaks are overlapping and further partial 



calculations are run separately for each of them. The estimation method for partial cross-sections in the DEA 

process is not a replacement for experimental data and calculations, but a cross-check method.  

 
CONCLUSIONS 

 

In this paper we report new results on DEA studies of the Fe(CO)5 molecule. The complete fragmentation 

stripping off all carbonyl groups makes it a great candidate for FEBID deposition. We have also presented 

theoretical calculations of the elastic, excitation and DEA cross sections using the Quantemol-N program. We 

hope this data may be used in further simulations of Fe(CO)5 within a FEBID processing system. 
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Appendix I. The XYZ atomic coordinates used in the calculation 

 

Atom X, Å Y, Å Z, Å 

Fe 0 0 0 

C 0 -2.0402 0 

C 0 0 1.8462 

C 1.5989 0 -0.9231 

C -1.5989 0 -0.9231 

C 0 2.0402 0 

O 0 -3.1438 0 

O 0 0 2.9619 



O 2.5651 0 -1.4810 

O -2.5651 0 -1.4810 

O 0 3.1438 0 

Table 1. Atomic coordinates of Fe(CO)5 

 

 


