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Abstract 

As the size of the components in electronic devices decreases, new approaches and chemical 

modification schemes are needed to produce nanometer-size features with bottom-up 

manufacturing. Organic monolayers can be used as effective resists to block the growth of 

materials on non-growth substrates in area-selective deposition methods. However, choosing the 

appropriate surface modification requires knowledge of the corresponding chemistry and also a 

detailed investigation of the behavior of the functionalized surface in realistic deposition schemes. 

This study aims to investigate the chemistry of boronic acids that can be used to prepare such non-

growth areas on elemental semiconductors. The 4-fluorophenylboronic acid (FPBA) is used as a 

model to investigate the possibility to utilize the Si(100) surface functionalized with this compound 

as a non-growth substrate in a titanium dioxide (TiO2) deposition scheme based on sequential 

doses of tetrakis(dimethylamido)titanium (TDMAT) and water. A combination of X-ray 

photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-

SIMS) allows for a better understanding of the process. The resulting surface is shown to be as 



 2 

effective non-growth area to TiO2 deposition when compared to currently used H-terminated 

silicon surfaces but to exhibit much higher stability in ambient conditions.  
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I. INTRODUCTION 

Modern requirements for microelectronic devices to be developed past Moore’s law into 

the so-called more-than-Moore direction1 require both miniaturization of the device features and 

exceptional conformality, which can only be delivered by bottom-up self-aligned nanofabrication. 

This approach is rooted in area-selective atomic layer deposition (AS-ALD) or area-selective 

deposition (ASD) techniques that have become the subject of intense research in recent years.2,3 

They address the challenge of limiting the growth on specific areas by taking advantage of the 

differences in local surface chemistry. In other words, by changing the surface reactivity of the 

substrate one can favor or prevent the growth of a specific material on the target surface.3–5 Thus, 

the growth is expected on the growth area (GA) where the surface is modified using promotor-

type molecules but delayed or avoided on the non-growth area (NGA) where the surface is 

modified using inhibitor-type molecules so that atomic level accuracy can be achieved.6 The 

measure of efficiency of this difference in reactivity is characterized by selectivity, which is 

discussed later. 

Although sometimes combinations of GA and NGA with high intrinsic selectivity can be 

utilized directly as prepared, most of the time, the intricate patterns used for modern applications 

and especially for 3D components, require some sort of chemical patterning, where passivated 

areas serve as NGA. In the past, polymer masks and self-assembled monolayers of functional alkyl 

molecules were used with a high degree of success;7–12 however, with the size of the target features 

quickly approaching single nanometer scale, the need for alternative materials for surface 

modification became apparent. In silicon-based production, the most common approach is to use 

H-terminated silicon surface for patterning that can be achieved with as high resolution as a single 

atom (with scanning tunneling microscopy) or alternative atomic monolayer systems (Cl-, Br-, I-)13 
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but stability of these systems and the difficulty to prepare them consistently outside expensive 

ultra-high vacuum conditions brought up a demand for a compromise of the use of small molecule 

inhibitors (SMIs),7 with dimensions of just a few angstroms. SMIs can be introduced right in the 

midst of the deposition cycle to refresh the NGA and suppress the defects appearing during the 

deposition. However, the same general strategy can be applied to create an NGA at the start of the 

deposition process. There are certain requirements for the design and the selection of a good SMI 

for this purpose. They include chemical stability on a specific surface, steric hindrance, strength 

of adsorption, preferably fast attachment reaction kinetics, and a minimal number of various 

binding modes, but most importantly, increased selectivity between GA and NGA.14 

The 4-fluorophenylboronic acid (FPBA) molecule can be a promising SMI that follows the 

aforementioned requirements. The chemical reaction of the FPBA with chlorine-terminated silicon 

surface follows the general condensation scheme, when a chemical functionality of the incoming 

molecule combines with the surface functionality to produce a stable chemical bond and to release 

a side product. Similar processes have been demonstrated previously for introducing nitrogen-

containing functionalities to silicon by reacting nitro- or nitroso- compounds with H-terminated 

silicon surfaces with water as a side product15,16 and for amines reacting with Cl-terminated silicon 

surfaces releasing hydrochloric acid (HCl) as a side product.17,18 Not only does FPBA form a 

condensation product with Cl-terminated silicon releasing HCl, but this reaction is also highly 

selective compared to the H-terminated silicon surfaces.19 It leads to the formation of very stable 

bidentate species with two Si-O-B bonds, which allows for the passivation of the surface and 

prevents further oxidation.19 In addition, the FPBA molecule has boron and fluorine elements, 

which can serve as perfect spectroscopic labels. 
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This paper will demonstrate that FPBA on silicon forms a stable passivated surface that 

efficiently inhibits the deposition of titanium dioxide (TiO2) in an ALD process based on 

sequential tetrakis(dimethylamido)titanium (TDMAT) and water doses for up to 20 cycles with up 

to 70 % selectivity. This selectivity is nearly identical to that of H-terminated silicon reacted under 

the same conditions, but FPBA-terminated surface is exceptionally stable, even in ambient. A 

detailed spectroscopic investigation confirms the formation of a stable monolayer, and ToF-SIMS 

profiles of this surface after the eventual loss of selectivity (covered with TiO2 layer) confirms that 

the starting substrate is still intact and even identifies the differences in F and B positions at the 

interface. 

 

II. EXPERIMENTAL 

A. Materials 

In this study, single-side polished Si(100) wafers (p-doped ,Virginia Semiconductors, 400 

mm ± 25 mm, 1-10 Ω·cm resistivity) were used as substrates. The deionized water used in all the 

experiments was from a first-generation Milli-Q water system (Millipore) with 18 MΩ·cm 

resistivity. The chemicals used were reagent grade or better: hydrogen peroxide (Fisher, 30% 

certified ACS grade), ammonium hydroxide (Fisher, 29% certified ACS grade), hydrochloric acid 

(Fisher, 37.3% certified ACS grade), buffer HF-Improved (Fisher chemical), chlorobenzene 

(99+%, Acros), phosphorus pentachloride (≥98.0% Sigma-Aldrich), Luperox A75 benzoyl 

peroxide (75% Millipore Sigma), 4-fluorophenylboronic acid (≥95.0%Sigma-Aldrich), toluene 

(Fisher,99.9% certified ACS). Nitrogen gas used for purging and drying samples was from the 

boil-off of the liquid nitrogen tank. 
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B. Preparation procedures 

1. Preparation of hydrogen-terminated Si(100) and hydroxyl-terminated 

surfaces 

The Si(100) wafers were cleaned by a modified Radio Corporation of America (RCA) 

method.20 The first step is to clean the Teflon beakers with a freshly prepared standard cleaning-1 

(SC-1) solution prepared by mixing Milli-Q water, hydrogen peroxide, and ammonium hydroxide 

(volume ratio 4:1:1) for 30 min on an 80 °C water bath. Second, the silicon wafers were cleaned 

with another freshly prepared SC-1 solution for 10 minutes in an 80 °C water bath. Following this 

step, the silicon wafers were rinsed with Milli-Q water. The clean Si wafers were then etched in 

an HF buffer solution for 2 minutes and rinsed again with Milli-Q water. Third, the wafer samples 

were placed in a freshly prepared standard cleaning-2 (SC-2) solution prepared by mixing Milli-Q 

water, hydrogen peroxide, and hydrochloric acid (volume ratio 4:1:1) for 10 min in a water bath 

at 80 °C, this step is used to produce a hydroxyl layer (OH-Si(100)). Lastly, the rinsed silicon 

substrates were etched a second time in HF buffer solution for 1 minute, followed by a 6-minute 

etching in ammonium fluoride solution, to form a H-Si(100) surface. The H-Si(100) was then 

briefly re-dipped in HF and dried before being placed into the commercial ALD. 

 

2. Preparation of chlorine-terminated Si(100) surface 

The chlorine-terminated surfaces were prepared by a previously described procedure using 

PCl5.21 The freshly prepared H-Si(100) sample (described in section II. B.1) was briefly rinsed in 

chlorobenzene before being reacted with a solution of phosphorus pentachloride dissolved in 

chlorobenzene solvent, and benzoyl peroxide was used in trace amounts as a radical initiator. 

Before starting the reaction, this PCl5 solution was purged with nitrogen gas for at least 30 minutes 
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to remove gaseous impurities. The reaction of the PCl5 solution with the freshly prepared H-

Si(100) was carried out on an oil bath at 110 °C for 1 h to form the Cl−Si(100) sample. 

 

3. Reaction of 4-fluorophenylboronic acid with the Cl-Si(100) surface 

The freshly prepared Cl-Si(100) sample (described in section II. B.2) was rinsed with 

toluene before being reacted with a solution of 4-fluorophenylboronic acid (FPBA) dissolved in 

toluene (30 mM). Before starting the reaction, the FPBA powder was dissolved in the toluene 

solvent for 1 h at 100 °C under nitrogen stream. The reaction with the FPBA solution and the 

freshly prepared Cl-Si(100) was carried out on an oil bath at 50 °C for 3 h under nitrogen stream, 

as described previously.19 

 

4. Atomic layer deposition of TiO2 on 4-fluorophenylboronic acid-modified 

Si(100) and OH-Si(100) 

The freshly prepared samples were placed in a commercial Oxford FlexAL II 

Thermal/Plasma ALD chamber immediately after the surface modifications in solution described 

above. The base pressure in the ALD chamber was 7x10-9 torr and the TiO2 thermal ALD recipe 

consisted of TDMAT dose for 1 s, 10 s argon (Ar) purge, 60 s vacuum pumping, H2O dose at 20 

ms, Ar purge, and vacuum pumping. The temperature was maintained at 130 °C with a background 

pressure of 80 mTorr. The reactants were delivered in an Ar carrier gas at 200 sccm, and purges 

were performed for 10 s with 100 sccm Ar. TiO2 was deposited onto FPBA-Si(100) and OH-

Si(100) for 5, 10, 15, 20, 30, 50 and 200 cycles, and onto H-Si(100) for 5, 10, 15, 20, 30 and 50 

cycles. 
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C. Characterization techniques 

1. X-ray photoelectron spectroscopy (XPS) 

The XPS analysis of the samples was performed on a Thermo Scientific K-Alpha+ 

instrument equipped with an Al Kα source (hn = 1486.6 eV). The base pressure in the XPS 

chamber was 3.75x10-9 Torr and the take-off angle was 35.3° with respect to the analyzer. The 

survey spectra were collected over a binding energy range of 0 to 1000 eV, with a pass energy of 

200 eV, step size of 1 eV, and dwell time of 10 ms. The high-resolution spectra for each element, 

C 1s, O 1s, B 1s, Si 2p, Cl 2p, F 1s, and Ti 2p, were collected with a pass energy of 50 eV, step 

size of 0.1 eV, and a dwell time of 50 ms. The data analysis was processed with CasaXPS software 

(version 2.3.25). The C 1s peak at 284.6 eV was used for the calibration of all the spectral features. 

 

2. Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) 

The ToF-SIMS analysis of the samples was performed on a TOF.SIMS 5 instrument (ION-

TOF USA, Inc.) equipped with a Binm+ (n=1-5, m=1,2) liquid metal ion gun, Cs, and O2 dual-

source ion column for ultra-low energy sputtering, and low energy electron flood gun for charge 

compensation. For the depth profile, a 500 eV Cs+ sputter ion beam with a 30 nA current was 

applied to create a 200 µm x 200 µm area. The analysis was performed over a 50 µm x 50 µm area 

in the center of the sputter crater, which was analyzed by using a pulsed 30 keV, 0.13 pA Bi+ 

primary ion beam. The negative ions were collected, and the mass-to-charge ratio was calibrated 

using C-, CH-, CH2-, CH3-, C2-, C2H-, and C3-. The data was analyzed using ionTOF’s SurfaceLab 

(version 7.3) base data analysis package. The sputtering depths were measured with a profilometer 

to obtain corresponding sputtering rates of the Si(100) substrate as described in section C.3, and 
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the thickness of the TiO2 layer deposited by ALD was measured with ellipsometry as described in 

section C.4 to obtain the corresponding sputtering rate. 

3. Profilometry 

The profilometry analysis was completed with a Bruker Dektak XT profilometer range of 

6.5 µm, 3 mg force, and a tip width of 5 µm, run on valley settings. The craters made on the Si(100) 

by ToF-SIMS depth profiling were measured with profilometry, and this measurement was used 

to establish a sputtering rate for the depth calibration of the Si(100) substrate. The sputter rate used 

for this calibration of silicon removal was 0.125 nm/s.  

 

4. Ellipsometry 

The ellipsometry analysis was performed on a J. A Woolam M-2000VI. A three-layer 

(film/ native oxide/ silicon) Cauchy model was used to determine the film thickness of the TiO2 

layer on the OH-Si(100) after 200 cycles of TiO2 ALD. In the model, the thickness of the native 

oxide was assumed to be 20 Å. The thickness obtained by ellipsometry was used to calibrate the 

sputtering rate of the TiO2 layer in ToF-SIMS depth profile. The sputtering rate for TiO2 based on 

this calibration was 0.112 nm/s. 

  

5. Atomic force microscopy (AFM) 

The AFM images of the samples were obtained using tapping mode in an Anasys Nano 

IR2 system. The Bruker gold-coated, microfabricated silicon probes that were ~225 microns long 

and came pre-mounted on half-washer mounts were used. The images obtained were processed 

with Gwyddion software (version 2.62).  
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III. RESULTS AND DISCUSSION 

Figure 1 shows the steps followed for the preparation of OH-Si(100), H-Si(100), and 

FPBA-Si(100). These three surfaces were loaded at the same time in the ALD chamber for each 

separate run, and 5, 10, 15, 20, 30, 50 and 200 cycles of TDMAT and H2O were dosed at 130 °C 

to compare the growth of TiO2 on all surfaces. After each set of ALD cycles, the samples were 

loaded into the XPS chamber with minimal exposure to ambient for analysis described in the 

section below. 

 

 

Fig. 1. Steps followed in the preparation of OH-, H-, and FPBA-Si(100) surfaces used in the 

comparison of TiO2 growth by ALD. 

 

 

A. XPS of growth and non-growth surfaces before and after ALD of 

TiO2 

Figure 2 shows the B 1s, F 1s, Si 2p, and Ti 2p XPS spectral regions for the FPBA-modified 

Si(100) surface before and after 5, 10, 20, 30, and 50 ALD cycles of TiO2. The initial surface 

(Figure 2 a) shows the presence of B 1s feature at around 191.9 eV and F 1s at around 687.1 eV 

which correspond to the B and F signal from the FPBA molecule as reported in our previous 

studies.19,22 The Si 2p shows the Si bulk signal at 99.4 eV and the higher binding energy peak 
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around 103.0 eV corresponding to Si-O-B bonds.19 No presence of Ti is recorded on any of the 

surfaces before the deposition. The relative B/Si coverage obtained after the reaction of FPBA 

with Cl-Si(100) surface was 0.42 ± 0.01 which corresponds to 74 % of a monolayer equivalent to 

one boron atom per one silicon surface atom based on our previous work.19 This coverage is 

actually quite high, given that even so-called atomically flat H-Si(100) prepared by solution 

methods is very complex. It corresponds to the saturation on this surface, and no chlorinated 

species are left on a surface following FPBA modification. A number of possible surface structures 

and their role in determining the apparent surface FPBA coverage are analyzed elsewhere.19  It is 

also important to highlight the FPBA-Si(100) surface stability which will be discussed and 

compared to that of a H-Si(100) surface. 
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Fig. 2. B 1s, F 1s, Si 2p, Ti 2p XPS spectral regions of FPBA-Si(100); as prepared (a), and after 5 

(b), 10 (c), 20 (d), 30 (e), and 50 (f) ALD cycles of TiO2.  

Following 5 to 50 ALD cycles onto the FPBA-modified silicon surface (Figure 2 b, c, d, e, 

and f), the B 1s signal is clearly observed and decreases substantially only at 50 cycles, and the B 

1s peak position is maintained indicating that the chemical environment of boron is not changing 

substantially. The F 1s signal also clearly decreases, especially by 50 cycles, an additional peak 

appears at lower binding energy around 684.9 eV which likely corresponds to the interaction of F 

with Ti, due to the formation of the TiO2 layer on top of the FPBA molecule. The Si 2p signal also 

decreases with an increasing number of ALD cycles, which is expected since the surface is being 
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covered by the TiO2 layer causing the attenuation of the Si signal.23 The Ti 2p spectral region 

shows how the Ti 2p signal increases slightly after 5 to 20 ALD cycles (likely indicating the 

presence of surface defects) and increases substantially after 50 ALD cycles. 

 

Fig. 3. Si 2p, Ti 2p XPS spectral regions of OH-Si(100) as prepared (a), and after 5 (b), 10 (c), 20 

(d), 30 (e) and 50 (f) ALD cycles of TiO2.  

 

In order to evaluate the selectivity of the TiO2 deposition, we performed the same 

procedure on oxidized (OH-terminated) silicon surface, where both half-cycles of the ALD process 

are expected to be very efficient. Figure 3 shows the Si 2p, and Ti 2p XPS spectral regions for the 

OH-terminated Si(100) surface before and after 5, 10, 20, 30, and 50 ALD cycles of TiO2. The 

initial surface (Figure 3 a) shows a substantial oxidation in the Si 2p region at 103.5 eV.24 After 5 

to 50 cycles (Figure 2 b, c, d, e, and f) the Si 2p peak intensities decrease with the increasing 

number of ALD cycles, due to the surface being covered by the growing TiO2 layer. In the Ti 2p 

region, the Ti signal intensity increases with the number of ALD cycles, this growth appears to be 

linear, which is different from what was observed for the FPBA-Si(100) surface. To have a better 

comparison of the TiO2 growth on both non-growth surface (FPBA-Si (100)) and growth surface 
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(OH-Si (100)) the Ti 2p/Si 2p ratios, estimated TiO2 thickness and selectivity were calculated and 

discussed further. 

Figure S1 in the Supporting Information section shows the Si 2p and Ti 2p XPS spectral 

regions of the H-Si(100) before and after 10 to 50 ALD cycles for comparison. It is important to 

note that the reactivity of H-Si(100), which is related largely to the defects on this surface,25,26 is 

extremely sensitive to the surface preparation procedure. Other studies report a range from 

exceptionally high surface stability up to 45 ALD cycles27 to the immediate (albeit slower than on 

OH-terminated silicon) growth of TiO2 in similar conditions.28 The efficiency of the TiO2 

deposition in the studies summarized in this work is between these two extremes and is used largely 

for comparison with the FPBA-terminated silicon.  

 

Fig. 4. O 1s XPS spectral region of FPBA-Si(100) (1); as prepared (a1), after 5 (b1), 10 (c1), 20 

(d1), 30 (e1), and 50 (f1) cycles of TiO2 ALD, and OH-Si(100) (2); as prepared (a2), after 5 (b2), 

10 (c2), 20 (d2), 30 (e2), and 50 (f2) cycles of TiO2 ALD. 

 

Since spectroscopic signature of oxygen is quite distinct in TiO2, Figure 4 shows the O 1s 

XPS spectral region of the OH-Si (100) and FPBA-Si (100) surfaces before and after 5, 10, 20, 30, 
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and 50 ALD cycles. Initially, on both surfaces, a single O 1s peak is observed around 532.0 eV 

corresponding mostly to the O-Si bonds.25 After the ALD, noticeable differences on both surfaces 

are recorded. On the FPBA-Si (100) surface it is observed that from 5 to 20 cycles the predominant 

peak is still the one around 532.0 eV. Only a small shoulder at lower binding energy appears 

following 10 ALD cycles corresponding to the formation of O-Ti bonds.25 After 30 ALD cycles, 

this feature becomes dominant in the O 1s spectra. On the OH-Si(100) surface, the O 1s peak at 

530.5 eV corresponding to O-Ti is clearly observed even after 5 ALD cycles, this O-Ti peak 

increases in intensity after 10 cycles and clearly dominates the spectrum after 10 ALD cycles.  

This observation indicates that the nucleation of TiO2 is much faster on the OH-Si(100) 

surface compared to the FPBA-Si(100) surface, as the latter delays the nucleation of TiO2 at least 

up to 20 cycles. Figure S1 in the Supporting Information section also shows the O1s peak for the 

H-Si(100) before and after 10 to 50 ALD cycles of TiO2 for comparison.  

Based on the O-Ti peak at 530.5 eV measured on each surface, it can be concluded that the 

nucleation of TiO2 is slower on the FPBA-modified silicon, especially up to 20 ALD cycles. This 

can be due to the extra protection that the FPBA-passivated silicon surface provides, as the 

(−O−)2B−(C6H4)−F functional groups provide steric hindrance that makes the surface inaccessible 

to react with TDMAT. 
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B. Ti/Si XPS intensity ratios, estimated TiO2 thickness, and selectivity 

on the growth and non-growth surfaces. 

 

Fig. 5. Ti 2p/ Si 2p ratios recorded as a function of the number of ALD cycles 

 

Figure 5 shows the Ti 2p and Si 2p intensity ratios as a function of the number of ALD 

cycles on the FPBA-Si(100), OH-Si(100), and H-Si(100) surfaces. The OH-terminated Si(100) 

favors the growth of TiO2. As can be observed in the graph, the growth of Ti 2p is nearly linear 

(in fact, the deviation is expected for thicker films, due to the attenuation of Si signal). The FPBA-

functionalized Si(100) is the non-growth surface and shows a delay in the growth of TiO2, this 

delay is evident up to 20 cycles and then a more linear growth is observed for 30 and 50 ALD 

cycles. A similar behavior can be observed on the H-Si(100) surface, which shows a delay in the 

growth of TiO2 up to 20 cycles and then the growth is linear after 30 and 50 ALD cycles. 

The selectivity for the process was calculated using the obtained experimental data on the 

growth and non-growth surfaces according to equation (1).7 

𝑆! =
"!"#"#!"
"!"$"#!"

   (1) 



 17 

where Sx is the selectivity after x number of ALD cycles and R represents the experimentally 

determined amount of deposited material on either GS or NGS. The growth surface for this 

experiment was OH-Si(100) and the non-growth surface was either H-Si(100) or FPBA-Si(100). 

In order to perform quantitative selectivity comparison, two approaches can be used. The amount 

of the material deposited, R, can be determined using the calibrated Ti 2p/ Si 2p intensity ratios 

corrected for appropriate sensitivity factors, as shown in Figure 5, or using the thickness of the 

films deposited. The XPS intensity ratio is a formidable approach to perform this estimate; 

however, it may be complicated by the attenuation of the signal of the underlying substrate, 

especially if the growth mechanism does not follow perfect layer-by-layer process but is governed 

by the surface defects and initial potential island formation of the deposited material. To 

doublecheck this, the second approach was also used. Figure 6 plots the estimated thickness of the 

TiO2 film deposited on different surfaces as a number of ALD cycles. It shows the estimated TiO2 

thickness calculated from equation (2)28  

𝑑%&'$ = −𝜆%&'$𝑙𝑛 (
("%
("%,'

)  (2) 

where 𝑑%&'$ is the thickness of the TiO2 layer,  λ%&'$ is the photoelectron mean free path in TiO2, 

and ISi,0 and ISi are the Si 2p peak intensities before and after ALD. A mean free path of 2 nm for 

the Si 2p electron passing through the TiO2 overlayer was used. The estimated TiO2 thickness was 

calculated for the FPBA-, OH-, and H-Si(100) surfaces for different number of ALD cycles.  
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Fig. 6. Estimated TiO2 thickness (nm) as a function of the number of ALD cycles 

 

This method also provides the best results for a true layer-by-layer ALD process, and the 

OH-terminated Si(100) surface shows a nearly perfect linear growth of TiO2 with increasing 

number of ALD cycles with an R2 = 0.98. On the other hand, the FPBA-Si(100) shows a slower 

TiO2 growth, which results in less than 0.25 nm deposited in total up to 20 ALD cycles, yielding 

a more linear behavior compared to the one shown in Figure 5 for the same regime (0-20 cycles) 

of the deposition process. After 30 and 50 cycles the TiO2 growth rate increases, and shows a linear 

growth with basically the same slope as that describing the behavior of OH-Si(100) surface, 

indicating that the selectivity is lost at this point. To compare with a standard non-growth surface, 

the H-Si(100) was also considered. After 20 cycles, the growth of TiO2 is similar to that on the 

FPBA-Si(100) surface, and after 30 and 50 cycles the growth of TiO2 becomes linear with a slope 

similar to that on the OH-Si(100) surface. This shows that the growth of TiO2 on the H-Si(100) 

surface is similar to the growth of TiO2 on the FPBA-Si(100). It is important to emphasize that the 



 19 

H-Si(100) was re-dipped in HF before loading in the ALD chamber to guarantee that it has minimal 

oxidation, while the FPBA-Si(100) surface did not need any additional treatment steps. 

Table 1 summarizes this comparison in terms of selectivity based on both approaches. The 

left three columns report the selectivity based on the XPS intensity ratio, while the right three use 

estimated film thickness. This comparison shows that the selectivity calculated for FPBA- and H-

Si surfaces is similar, approximately 0.6, regardless of the approach used to calculate this 

parameter, up to 20 ALD cycles. Then, as the number of cycles increases, the selectivity decreases 

until it is lost after 50 cycles.  

 

Table 1. Comparison of the selectivity of FPBA-Si(100) and H-Si(100) (non-growth surfaces) 
compared to OH-Si(100) (growth surface) calculated from equation (1) using Ti 2p/ Si 2p ratios 
obtained with XPS and calculated from equation (2) using the estimated TiO2 thickness. 
 

Selectivity of non-growth surfaces 
calculated with Ti 2p/Si 2p XPS 

intensity ratios (Equation 1) 

 Selectivity of non-growth surfaces 
calculated from apparent film 

thickness (Equation 2) 
Cycles FPBA-Si(100) H-Si(100) Cycles FPBA-Si(100) H-Si(100) 

5 0.60 ± 0.10 - 5 0.60 ± 0.03 - 

10 0.60 ± 0.10 0.60 ± 0.02 10 0.70 ± 0.02 0.60 ± 0.11 

15 0.40 ± 0.01 0.50 ± 0.10 15 0.60 ± 0.04 0.60 ± 0.04 

20 0.50 ± 0.20 0.40 ± 0.04 20 0.70 ± 0.11 0.60 ± 0.04 

30 0.30 ± 0.02 0.40 ± 0.05 30 0.30 ± 0.03 0.30 ± 0.06 

50 0.10 ± 0.02 0.20 ± 0.10 50 0.10 ± 0.03 0.03 ± 0.01 
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It is important to note that these seemingly modest selectivity numbers are on par with and 

even better than the ones reported previously for practical applications. For example, the selectivity 

between 0.28 for 10 cycles28 and 0.72 for up to 75 cycles29 was reported for the combination of 

oxidized and H-terminated silicon in a deposition process involving half-cycles of TiCl4 and water. 

However, the FPBA-Si surface has the advantage of being much more stable in ambient 

conditions. As summarized in Figures S2 and S3 in the Supporting Information section, H-Si(100) 

exhibits substantial oxidation within two hours, while FPBA-Si(100) surface maintains its 

structure for at least 48 hours, as suggested by XPS.  

Maintaining reasonable selectivity for at least 20 cycles of effective ALD process provides 

a target for 2 nm technology that does not require additional steps or back-etching procedures. At 

the same time, given that the initial silicon wafer preparation involves solution steps, using 

additional solution processing before the start of the deposition and patterning process may be 

easily handled by the manufacturers.  

Thus, it appears that FPBA-Si(100) is just as efficient as the H-Si(100) surface in its role 

as a NGA. However, it also has a number of advantages. The FPBA-Si(100) can be easily handled 

in ambient conditions and is exceptionally resistant to further oxidation, making it an excellent 

starting platform for area-selective deposition. It is passivated by the Si-O-B bonds and is protected 

with the (−O−)2B−(C6H4)−F functional groups that apparently delay the growth of TiO2.  
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C. ToF-SIMS depth profile on growth and non-growth surfaces 

 

Fig. 7. ToF-SIMS depth profile showing the intensity of the TiO-, F-, B-, Si2-, and SiO- ions vs 

depth of a) FPBA-Si(100) after 50 cycles, b) FPBA-Si(100) after 200 cycles. And the intensity of 

TiO-, Si2-, and SiO- ions vs depth of c) OH-Si (100) after 50 cycles and d) OH-Si(100) after 200 

cycles. All the intensities were normalized to Si2- at saturation. 

 

To further confirm the TiO2 thickness estimated from XPS and complement the obtained 

chemical information using F and B as spectroscopic labels, ToF-SIMS depth profile was used to 

analyze the OH-, and FPBA-Si(100) surfaces after 50 and 200 ALD cycles. The 50 and 200 cycles 

were chosen as representative points, since these samples exhibited consistent and reliable 
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properties determined by combining ToF-SIMS, ellipsometry, and profilometry measurements and 

also in both cases the films deposited were very smooth according to AFM. AFM measurements 

shown in the Supporting Information section (Figure S4), after 50 cycles a uniform layer is 

deposited on both surfaces, with RMS of 0.23 nm for the FPBA-Si(100) surface and RMS of 0.25 

nm for the OH-Si(100) surface. 

On the FPBA-Si(100) surface after 50 ALD cycles (Figure 7 a), the interface between 

titania and silicon is observed at approximately 2.9 nm in depth, if the depth is calibrated as 

described in sections C.3 and C.4 and the appropriate sputtering rates are obtained to convert the 

sputtering time scale into the depth scale. Right at the interface, the F- and B- are present, and a 

small shift of about 6 Å between F- and B- negative ion depth profiles is observed, which 

corresponds to the length of the FPBA molecule according to the computational models reported 

in our previous studies.19 The FPBA molecule binds to the Si surface forming B-O-Si bonds, which 

was confirmed with XPS, therefore the SiO- fragment which is also at the interface corresponds 

to the O-Si bond formed after the FPBA reaction.  

After 200 ALD cycles on the FPBA-Si(100) surface, the interface between titania and 

silicon is recorded at approximately 10.5 nm in depth, and it is also observed that the SiO-, F- and 

B- ions remain at the interface at their original positions, as a small shift of about 6 Å between F- 

and B- negative ions also remains in place. This observation is consistent with the FPBA molecule 

staying at the interface without any of its constituents diffusing into the TiO2 layer. The difference 

in depth location for F and B elements is also fully consistent with the entire fluorophenylboronic 

functionality being intact. 

On the OH-Si(100) surface after 50 cycles, it is observed that the interface between titania 

and silicon is just above 3.5 nm in depth (reflecting nearly the same TiO2 thickness as that 
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estimated in XPS experiments). For this sample, SiO- ion at the interface corresponds to the 

oxidized silicon surface as confirmed with XPS with the peak at ~103 eV. Whereas after 200 cycles 

on the OH-Si (100) surface, the interface between titania and silicon is at approximately 10.6 nm. 

Thus, following 50 cycles of ALD onto FPBA-Si(100) surface, the thickness of TiO2 

according to ToF-SIMS measurements is ~2.9 nm, and the TiO2 layer on the OH-Si(10) surface is 

~ 0.6 nm thicker, which matches with the results obtained for the estimated TiO2 thickness 

calculated with equation (2).  

After 200 ALD cycles, the TiO2 thickness on both FPBA- and OH-Si(100) surfaces appears 

to be similar. At this point the selectivity is completely lost, the interface is buried, and the accuracy 

of pinpointing it precisely is limited. However, it is more important for the thicker TiO2 layer to 

interrogate the structure of the interface between oxide and silicon substrate. As was mentioned 

above, B and F are used as spectroscopic labels in XPS and ToF-SIMS experiments, providing 

information about the intactness and stability of the molecule at the interface. 

 

Fig. 8. ToF-SIMS depth profile showing the intensity of the F- and B- ions vs depth of FPBA-

Si(100) after 50 cycles a), and FPBA-Si(100) after 200 cycles b). 
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Figure 8 provides a zoomed-in comparison of the F- and B- ions intensity vs depth obtained 

by ToF-SIMS depth profile of the FPBA-Si(100) surface after 50 and 200 TiO2 ALD cycles. The 

4-fluorophenylboronic functionality remains at the interface following the process and the distance 

between F- and B- labels is maintained at both depths. This set of measurements also suggests that 

this chemical group remains intact, as a clear and reproducible shift of 6 Å between F- and B- is 

observed. The theoretically predicted distance between B- and F- in the FPBA molecule after the 

attachment to the Si(100) is 5.7 Å as calculated from the computational models reported in our 

previous studies.19 To further confirm the intactness of the (−O−)2B−(C6H4)−F functional group, 

the CF-, FC6H4BO2- and C6H4- fragments were also identified at the interface of the TiO2 layer an 

the FPBA-modified Si(100) as shown in Figure S5 in the Supporting Information section. 

Although some of these fragments exhibit very low intensity and thus low signal-to-noise ratios, 

it is apparent that the CF- depth profile largely coincides with the F- depth profile, confirming the 

presence of the C-F bond at the TiO2/Si(100) interface, consistent with the XPS observations that 

were discussed above for the sample prepared by 50 cycles of ALD. On the other hand, the peak 

position of the B- appears to precede the small signals corresponding to the aromatic ring and to 

the entire molecular fragment (FC6H4BO2-), thus confirming the high sensitivity of the ToF-SIMS 

technique and reinforcing the hypothesis that the 4-fluorophenylboronic functionality remains 

intact following the loss of selectivity of the functionalized surface and eventual TiO2 deposition.  

This behavior and stability may be important not only to the use of FPBA-modified 

surfaces as NGA, but also brings up an important issue of modifying electronic and physical 

properties of the interfaces obtained on SMI-modified substrates, for example by thermal 

treatment, following the eventual loss of selectivity. Given the differences in electronic structure 

of fluorine in exposed and buried FPBA functionality suggested by XPS, it remains to be seen if 
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fluorine presence can influence the chemical protection in deposition processes and if thermal 

stability of the buried interface may be important in ultra-shallow doping approaches; however, 

these questions will be a subject of further investigations.   

 

IV. CONCLUSIONS 

FPBA-Si(100) surface delayed the deposition of TiO2 up to 20 cycles with a selectivity of 

up to 70% compared to the GA OH-Si(100) in the ALD process based on TDMAT/water. This 

behavior is very similar to a traditional H-Si(100) surface acting as NGA in the same deposition 

scheme, but the FPBA-Si(100) substrate exhibited exceptional stability in ambient, being stable 

for days compared to hours or even minutes for H-Si(100). 

F- and B- served as tracking labels in XPS and ToF-SIMS investigations to calculate 

coverage and evaluate the intactness and stability of the 4-fluorophenylboronic functional group 

at the interface with silicon following the ALD process. It appears that the entire chemical 

functionality remains intact in this system, which may be very important not only for the use of 

FPBA-Si(100) as a NGA, but also in designing interfaces with tunable electronic properties. 

 

SUPPLEMENTAL MATERIAL 

See supplementary material at [URL will be inserted by AIP Publishing] for additional XPS 

studies, surface stability tests, and AFM images of the starting surfaces and the same surfaces 

following ALD. 
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