Data Availability

Editorial Department of   International Journal of Progressive Research in Engineering Management and Science

Dear Editor,

The data sets generated and/or analyzed during the current study are available within the article. Additional data are available from the corresponding author on simple request.

Thank you for your consideration

Sincerely,


Authors
Author Contributions statement in the manuscript

Editorial Department of International Journal of Progressive Research in Engineering Management and Science

30.04.2025
Dear Editor,

We are submitting our manuscript entitled "FOCUSED ELECTRON BEAM INDUCED DEPOSITION OF PURE SILICA" for consideration for publication in International Journal of Progressive Research in Engineering Management and Science. Below, we provide a detailed statement of contributions for each author involved in the preparation of this manuscript. All authors have reviewed and approved the final version of the manuscript and agree with the order of author representation. Each author has participated sufficiently in the work to take public responsibility for appropriate portions of the content.
We believe that our manuscript will be of interest to the readers of in International Journal of Progressive Research in Engineering Management and Science and hope it meets the high standards of your journal. Please do not hesitate to contact us if you need any further information.

Thank you for your consideration.

Sincerely,

Authors
Chemistry Africa
AUTHOR DECLARATION FORM & CONFLICT OF INTEREST

STATEMENT

Title of the article: "FOCUSED ELECTRON BEAM INDUCED DEPOSITION OF PURE SILICA"
As the authors of this article we accept the explanations and conditions listed

below:

1. We agree that the in International Journal of Progressive Research in Engineering Management and Science does not carry responsibility regarding the content, conclusions, information, results and comments of our article.

2. We confirm that the manuscript has been read and approved by all named authors and that there are no other persons who satisfied the criteria for authorship but are not listed. We further confirm that the order of the authors listed in the manuscript has been approved by all of us.

3. We confirm that we have given due consideration to the protection of intellectual property associated with this work and that there are no impediments to publication with respect to intellectual property. We further confirm that we have followed the regulations of our institutions concerning intellectual property.

4. Scientific, ethical and legal responsibility of the article belongs to us as the authors. We are responsible for the ideas, comments and accuracy of references in the article.

5. For quoted parts (text, figures, tables, pictures), legal permission has been taken from the copyright holder (s) and we agree that all financial and legal responsibility belongs to us.

6. The above mentioned research has been carried out as a part of our work and is open to use by the community.

7. We wish to confirm that there are no known conflicts of interest associated

8. with this publication and there has been no significant financial support for this work that could have influenced its outcome.

9. We understand that the Corresponding Author is the sole contact for the Editorial process. He is responsible for communicating with the other authors about progress, submissions of revisions and final approval of proofs.
Authors
FOCUSED ELECTRON BEAM INDUCED DEPOSITION OF PURE SILICA
Abstract–Focused Electron Beam Induced Deposition (FEBID) of pure SiO2 has been successfully demonstrated on a 150 nm-thick Al layer evaporated on Silicon wafers. The process uses tetramethylsilane (TMS) precursor, and the addition of sufficient amounts of water vapor is critical to achieving pure SiO2 deposition. The resulting deposits exhibit nearly 100% transmission at a 193 nm wavelength, making them suitable for Deep Ultraviolet Light (DUV) optical applications. The H2O vapor-assisted FEBID process involves the simultaneous deposition of pure SiO2 and the etching of contaminants. Additionally, the study explores the influence of varying dwell times on the deposition dynamics and the required water vapor flow for achieving pure SiO2, leading to high-quality materials for advanced optical applications.
Keywords: Nanotechnology, Electron-beam-induced deposition, Micro/nano patterning, mask repair, Silicon dioxide.
INTRODUCTION
Silica is widely used as the material of choice for electronic, insulation, optical, and passivation layer applications [1–3]. Additionally, to meet the anticipated needs of nano–optoelectronics and the semiconductor industry (nano-electronics), Nanoimprint lithography (NIL) has been proposed and investigated [4]. Variations in this recent technology of fabricating micro- and nanometer-scale structures rely on the direct mechanical deformation of thermoplastic resist (hot embossing) [5] or the photopolymerisation of a resin through masks made of fused silica [4, 6]. Resolutions that surpass the limitations imposed by light diffraction or beam scattering in conventional lithographic techniques are achievable [7]. The primary advantage of NIL lies in its ability to create both three-dimensional and large-area structures ranging from the micron to the nanometer scale [8, 9]. However, the ongoing reduction in feature sizes on NIL masks introduces new challenges and issues, the most significant of which are defects—one of the biggest obstacles preventing NIL from becoming a viable nanofabrication process in the industry [10]. For many of these purposes, in particular Current and future generation mask repair [7], it is critical that compact deposits of Silica can be obtained at low temperature [11, 12]. The classical photomask as well as the NIL masks are patterned by e-beam lithography and etching process. As these processes are accompanied by production tolerance fluctuations or defects generation, subtractive and additive repair processes are needed for repair and production of viable masks. Subtractive processes such as AFM scratching [13], FIB or gas-assisted FIB etching, or more advanced gas-assisted FEBIE have been developed and are commercially utilized. Missing material defects must be repaired through precise local deposition of tailored materials. Clearly, a reliable and seamless repair methodology has the potential to reduce production costs for complete mask sets [14]. However, the three dimensional high resolution patterned deposition of pure silica constitutes today a challenge and one of the main topics of research around the technique. Focused ion beam milling is regarded as a promising technology for this purpose, but the implantation of Ga ions degrades the optical quality of the SiO2 [15]. Therefore electron beams, that do not interact with matter in such a destructive way, are today preferred for mask repair and offers crucial advantages, especially regarding the three dimensional high resolution capability [16, 17]. Focused-electron-beam-induced deposition (FEBID) is a very flexible technique for nanoscale structure fabrication of two- and three-dimensional structures of various materials [18–22].
However, the main limitation of FEBID is the carbon contamination often observed in deposits. This contamination arises from the incomplete decomposition of precursor molecules and/or the decomposition of carbon-containing residual gases that adsorb and diffuse on the substrate surface. To mitigate such contamination issues in FEBID, researchers have developed and reported various solutions over time [23–28].

This work represents a significant advancement in the development of the FEBID process for pure silica material deposition through gas assistance, providing deeper insights into the underlying deposition mechanism. The approach combines the injection of additional H2O vapour with modifications to physical parameters to reduce contamination in the SiO2 deposited structures.
The FEBID of SiO2 was conducted on 150 nm-thick Al layers evaporated on Si substrates, using Tetramethylsilane (TMS) as the precursor vapour and molecular water (H2O) as a secondary gas. The water vapour reacts in real time with contaminants, volatilizing them during the deposition process. Consequently, the FEB process achieves simultaneous deposition of SiO2 and removal of contaminants.
EXPERIMENT
General condition for all deposits
A cold field emission SEM (Jeol 6300F) was used and modified to enable the simultaneous injection of two controlled gas flows. The setup was designed so that the TMS precursor and the additional H2O vapour flow were introduced through two home-made capillary gas injection systems (GIS), each delivering gases separately via nozzles with inner and outer diameters of 300 μm and 500 μm, respectively.
All experiments were conducted with a nozzle-to-substrate vertical distance of approximately 10 μm and a nozzle-to-substrate angle of 30°. The TMS precursor impinging flux during the experiments was maintained constant at Fprecursor = 1.5x1019 molecules m-2 s-1 (where Pprecursor =  8 x 10-6 mbar), using a cooled liquid precursor reservoirs (T=-72°C) and a micro valve.  The water was cooled to temperatures ranging from 2°C to -13°C, in order to obtain a microscope chamber pressure from 9 x 10-6 mbar to 8 x 10-7 mbar, respectively. Consequently, the water precursor flux was adjusted from Fwater = 3.4 x 1018 (Pwater = 8 x 10-7 mbar) to 3.5 x 1019 molecules m-2 s-1 (Pwater =9 x 10-6 mbar).  The fluxes were calculated using the Hertz-Knudsen formulas [17]. A 150 nm-thick Al layer was evaporated onto a silicon wafer was used as the deposition substrate.
A Xenos lithographic system with a raster-scanned, shaped beam writing strategy was used to expose a square with lateral dimensions of 1 μm. The resolvable pattern element (pixel) corresponded to the size of the exposing beam. The dwell time, defined as the exposure duration of a single pixel, was varied over two orders of magnitude (250 ns to 5000 ns), while the refresh time-defined as the duration between successive loops-was always maintained above the minimum required time for complete surface coverage by precursor molecules (>200 ms).
The total irradiation dose was 50 C cm-2. The beam current, measured using a Faraday cup, was set to its highest available value of 0.6 nA at an acceleration voltage of 1.5 kV. The total irradiation time per pixel, the beam current, the beam diameter, the surface irradiation and the acceleration voltage are constant throughout all experiments. During all experiments, key parameters such as the total irradiation time per pixel, the beam current, the beam diameter, the surface irradiation, and the acceleration voltage were kept constant. 
The composition of the deposits was analyzed using energy-dispersive X-ray spectroscopy (EDX) with a 3 keV electron beam focused on the center of the deposit. The deposit height was measured using a Veeco atomic force microscope (AFM).
SEM image and Electron beam size measurements
The electron gun is a cold cathode field emitter that operates with acceleration energies ranging from 1 to 30 kV and probe currents between 10 and 600 pA. At an acceleration voltage of 1.5 kV, a working distance (WD) of 10 mm, and a probe current of 600 pA, the electron probe diameter was determined to be approximately 30 nm using the scanning knife-edge technique and resolution measurements of Ag spheres on C [29-32]. 
A standard tip deposited from TMS is shown in Fig. 1. The shape of the deposits follows a Gaussian profile of the incident beam, with a full width at half maximum (FWHM) of 230 nm (at 5 keV), obtained with an exposure time of 15 seconds. The tips are typically larger than the FEB diameter due to electron scattering. When targeting a FEB at a specific point, the resulting deposit expands both vertically and laterally over time [33]. The dimensions of the electron beam spot size are influenced by the density of the deposited material and the primary electron beam energy, both of which affect the scattering phenomena occurring at the tip apex.
Carbon contamination
To determine the level of background hydrocarbon contamination in the microscope chamber under experimental conditions, square deposits with an edge length of 1 μm were made at a given point on the surface by irradiating with an electron beam for 30 minutes, with varying dwell times. The hydrocarbon deposition was carried out at a pressure of 8 x 10-7 mbar and characterized by EDX measurements at the center of the deposit (Fig. 2.a). A low concentration of oxygen was detected, while a constant carbon concentration of 98% was observed for all investigated dwell times (Fig. 2.a). The deposit heights as a function of dwell time are reported in Fig. 2.b. The corresponding deposition rates were calculated by dividing the heights by the total irradiation time. For dwell times above 0.5 μs, the deposition rate remains constant, indicating a negligible influence of surface precursor diffusion replenishment at the irradiated spot. At shorter dwell times, precursor supply predominates, resulting in higher deposition rates.
To remove surface-adsorbed hydrocarbons from the sample, pre-deposition oxygen plasma cleaning was performed as a method to reduce the carbon contamination deposition rate. As expected, the second series of depositions shows a clear decrease in the deposition rate, with similar chemical composition and dynamic rate behavior (Fig. 2.b). The reduction in the deposition rate (below 1 μs of dwell time) is attributed to the decrease in the coverage of hydrocarbon molecules as the dwell time increases.
Silica deposition from TMS and Water
Tetramethylsilane (TMS) was used as the silicon source in this work [17]. Its selection was based on several favorable properties, including its vapor pressure at room temperature, high sticking coefficient, and molecular formula. Additionally, TMS does not polymerize or polycondensate in the presence of water, thereby avoiding oligomerization reactions and minimizing SEM contamination [34]. For this reason, water vapor was chosen as the reactive partner for depositing pure silica, instead of oxygen gas.
Contrary to what is described in Perentes' publication [17], oxygen gas is not the sole contributor to silica deposition. Water vapor, present in the Gas Injection System (GIS), also plays a significant role and can be delivered to the FEB region along with the oxygen flow. A recent Ph.D. thesis demonstrated that residual water in the GIS contributes more significantly to the FEBIP process than the precursor gas itself (oxygen). This study showed that residual water in the GIS is carried by oxygen or argon flow to the FEB region, where it acts as a key participant in the removal process of contaminants as well as the precursor molecule [35].
The SiO2 deposition on the surface-oxidized Al layer was performed in our SEM Jeol 6300F, using the Xedraw2 lithography system under constant irradiation conditions and TMS precursor flows. The study focuses on the effects of additional water vapor on the chemical composition of the deposited materials at two different dwell times (250 ns and 500 ns). Surface chemical compositions of the deposits as a function of additional water vapor were analyzed using energy-dispersive X-ray spectroscopy (EDX) and are presented in Fig. 3. Prior to deposition, the SEM chamber and sample underwent oxygen flushing.
A similar trend was observed for both dwell times: adding molecular water vapor to the TMS precursor reduced the concentration of carbon contaminants exponentially with increasing water flow. This dependence on water flow aligns with the Langmuir-Hinshelwood isotherms, which describe co-adsorption phenomena. According to these isotherms, increasing the water vapor flow exponentially decreases the number of precursor molecules adsorbed on the surface, thereby reducing the silicon atom supply to the deposition area.

Above a threshold ratio of [PH2O]/[ Pprecursor]=0.6, carbon became undetectable in the deposited materials. Concurrently, oxygen and silicon concentrations increased to stationary values, indicating that pure silica was achieved. This composition remained stable beyond the threshold water vapor flow, suggesting complete oxidation of the deposited material.
Pure silica is obtained when the ratio of water vapor to precursor molecules on the surface is optimized for maximum deposition efficiency. This optimal efficiency is achieved when the minimum number of molecules necessary for the chemical reaction is present on the surface. Beyond the threshold ratio, additional water vapor no longer influences the chemical composition, confirming that the deposited material is fully oxidized. 

The simultaneous deposition of SiO2 and etching of contaminants was observed, with the main volatile by-products of the reaction between carbon and water vapor identified as CO2, CO, and CH4​.
193 nm wavelength transmission
The optical transmission at a wavelength of 193 nm for the SiO2 materials was measured using an Aerial Image Measurement System (AIMS) MSM 193 from Zeiss. The system features a 193 nm excimer ArF laser coupled with a deep ultraviolet (DUV) optical microscope for precise optical characterization.
Several 10x13 μm2 films, with thicknesses ranging from 20 to 30 nm, were deposited on fused silica substrates, positioned adjacent to gold strips. Representative results show deposits with no carbon contamination (0%). The intensity profile of a line passing through the center of the deposit, normalized to the transmission of the surrounding mask blank, reveals 100% transmission for deposits derived from TMS, underscoring the high quality of the SiO2​material.
However, a silica deposit with 3.5 % of carbon concentration shows 90% of transmission, which indicates the high sensitivity of the carbon contamination absorption at this wavelength.
Deposition rate of deposit materials
The influence of H2O vapor flow variation on the deposition dynamics and mechanism, for two different dwell times, is presented in Fig. 4. The deposits were performed under constant irradiation conditions and TMS precursor flows. The results clearly demonstrate that additional H2O vapor significantly impacts the deposition rate of FEBID SiO2​ materials, either by accelerating or reducing it. This effect depends on the surface coverage of both water vapor and precursor molecules.

The co-adsorption of the two gases on the surface follows a competitive adsorption mechanism [36], where the surface competition determines the resulting coverage. This competition is reflected in the deposition rates, which show a characteristic behavior of increase, saturation, and subsequent decrease as a function of additional water flow (see Fig. 4). The observed trends in Fig. 4 can thus be attributed to this surface competition [37, 38].
The deposition rates of the SiO2 ​deposits obtained from TMS increased rapidly with increasing H2​O vapor flow and reached saturation at [PH2O]/[ Pprecursor] ratios of 0.2–0.4 and 0.2 for dwell times of 250 ns and 500 ns, respectively. This maximum deposition rate corresponds to the optimal ratio of molecules on the surface for the highest deposition efficiency [39]. The optimal efficiency is achieved when the surface contains the minimum number of molecules required for the chemical reaction.
When the H2O vapor flow exceeds this optimal balance, the deposition rates decrease. This balance is influenced by the precursor’s chemistry, its adsorption enthalpy, and the quantity of H2O vapor necessary to fully oxidize the Si atoms and by-products. For [PH2O]/[ Pprecursor] ratios below 0.2 or above 0.4, the deposition process transitions into a precursor-limited regime. In this regime, the precursor molecules cannot sufficiently replenish the deposition area, resulting in a depletion of the surface layer and a reduction in the growth rate.
The low deposition rate, approximately 1 μm³ in 30 minutes, is attributed to the low sticking coefficient of TMS.
SiO2 depositions versus dwell times
The deposition rate of SiO2 versus dwell time exhibits an exponential decrease, similar to the behavior observed in the contamination deposition presented in Fig. 6. As shown in Fig. 5, the deposition rate decreases exponentially with increasing dwell times and then saturates above a threshold dwell time of 1 μs. This exponential decrease in deposition rates for both water pressures (4.4 and 9 x 10-6 mbar) is attributed to the decreasing coverage of water vapor and precursor molecules as dwell time increases. Longer dwell times lead to greater depletion of adsorbed molecules on the surface, causing the SiO2 deposition rate to become free molecular flow-limited. This depletion effect can be mitigated by reducing dwell times, which prevents the molecule depletion from reaching its steady-state value. At low dwell times, the deposition rate is higher for PH2O=4.8 x 10-6 mbar compared to PH2O =9 x 10-6 mbar, due to over-occupation of the surface by water molecules. The excess water molecules block adsorption sites needed for the precursor, resulting in a shortage of Si atoms and a decrease in growth rate. Despite this, the deposited material remains pure SiO2, indicating that deposition is hindered when the water vapor flow required to fully oxidize the Si atoms exceeds the optimal balance.
Chemical composition versus dwell times
As shown in Fig. 6, the quantities of C incorporated in the Silica deposited materials are dependent of the dwell times for both water vapour flows. The balance of the composition contains oxygen, silicon and carbon. For [PH2O]/[Pprecursor]=1.1 of pressure ratio and for dwell times below 
[image: image7.emf]750 ns, Oxygen and Silicon concentration of around 58 % and 42 % respectively, are found, while above 1000 ns of dwell times, the carbon content scales inversely with the oxygen content, increasing from about 2% for dwell time of 1500 ns up to 15% for dwell times of 5000 ns, whereas the silicon level remains stable at around 42 at %. In contrast, deposits with [PH2O]/[ Pprecursor]=0.5 pressure ratio show a constant oxygen and Silica concentration of 52-57% and 43-48% respectively, below 500 ns of the dwell times used. However, dwell time of 750 ns or more yield carbon deposit between 25 and 35 %, while Oxygen and Silicon material concentrations of 30-34 % and 36-40 %, respectively are found. Due to the short irradiated pixel dwell time, the molecules could continually replenish the depleted region supplying sufficient oxygen and silicon atoms to increase the deposition rate of pure SiO2.
For a given water vapor and precursor flow, varying the dwell times influences the deposited chemical composition. As shown in Fig. 6, the carbon content incorporated into the silica deposits depends on the dwell time for both water vapor flows. The composition balance consists of oxygen, silicon, and carbon. For a [PH2O]/[Pprecursor]=1.1 pressure ratio, at dwell times below 750 ns, the oxygen and silicon concentrations are approximately 58% and 42%, respectively. However, for dwell times above 1000 ns, the carbon content increases inversely with the oxygen concentration, rising from about 2% at a dwell time of 1500 ns to 15% at 5000 ns, while the silicon content remains stable at around 42 at%. In contrast, deposits at a [PH2O]/[ Pprecursor]=0.5 pressure ratio exhibit a constant oxygen concentration of 52–57% and silicon concentration of 43–48% for dwell times below 500 ns. For dwell times of 750 ns or more, the carbon content increases to between 25% and 35%, while the oxygen and silicon concentrations decrease to 30–34% and 36–40%, respectively. This behavior suggests that for shorter dwell times, the molecules can continually replenish the depleted region, supplying sufficient oxygen and silicon atoms to increase the deposition rate of pure SiO2.
CONCLUSION
In conclusion, to achieve minimal carbon deposition and high deposition rates during H2O vapor-assisted FEBID, optimal conditions should include high reactivity of the molecules to H2O, short dwell times, and long replenishment times. The precursor chemistry and flow rate are also crucial, as additional H2O can potentially double the deposition rate. Co-adsorption of H2O and precursor molecules creates competition for surface coverage, which directly impacts deposition efficiency. Balancing these factors is essential for maximizing the quality and speed of the SiO2 deposition while minimizing contamination.
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Fig. 1: SEM micrograph (tilt angle: 80°) of a standard tip deposited from TMS. The substrate used was a silicon wafer coated with a 150 nm-thick evaporated aluminum (Al) layer.

Fig. 2. Deposits from Chamber Background Hydrocarbons. a) Composition of 1×1 μm² deposits measured by EDX for varying dwell times. Within measurement uncertainty, the composition of the deposited material remains independent of the dwell time and consists of 98% carbon. b) Heights of the investigated deposits, measured by AFM, were taken at the center of the deposits to avoid edge effects. All deposits were produced under the same electron dose of 50 C/cm².
Fig. 3: The chemical composition of FEBID deposits was measured by EDX for dwell times of 250 ns (solid lines) and 500 ns (dashed lines). The deposition was performed using the Xedraw2 lithography system under the following conditions: an irradiated substrate area of 1×1 μm², a FEB current of 600 pA, and an acceleration voltage (Vacc) of 1.5 kV.
Fig 4: H2O -assisted FEBID mechanism, illustrating the deposition rate as a function of additional H2O vapor flow for two different dwell times (250 ns and 500 ns). The experiments were conducted under constant irradiation conditions and fixed TMS precursor flows. The graph highlights the interplay between H2O vapor and TMS precursor surface coverage, resulting in a characteristic increase, saturation, and subsequent decrease in deposition rate. This behavior reflects the surface competition dynamics dictated by co-adsorption processes.

Fig. 5. Deposition rates of 1x1 μm2 square silica versus dwell times, taken at two different water pressures.
Fig. 6.  Chemical compositions as a function of dwell time, obtained from H₂O-assisted FEBID, measured at two different water pressures: (a) PH₂O = 4.4 10-6 mbar and (b) PH₂O = 9 10-6 mbar.
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