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Abstract: 

The need for atomic layer etching (ALE) is steadily increasing as smaller critical dimensions and pitches 

are required in device patterning. A flux-control based cyclic Ar/C4F8 ALE based on steady-state Ar 

plasma in conjunction with periodic, precise C4F8 injection and synchronized plasma-based low energy 

Ar+ ion bombardment has been established for SiO2.
1 In this work, the cyclic process is further 

characterized and extended to ALE of silicon under similar process conditions. The use of CHF3 as a 

precursor is examined and compared to C4F8. CHF3 is shown to enable selective SiO2/Si etching using a 

fluorocarbon (FC) film build up. Other critical process parameters investigated are the FC film thickness 

deposited per cycle, the ion energy, and the etch step length. Etching behavior and mechanisms are 

studied using in situ real time ellipsometry and X-ray photoelectron spectroscopy. Silicon ALE shows less 
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self-limitation than silicon oxide due to higher physical sputtering rates for the maximum ion energies 

used in this work, ranged from 20 to 30 eV. The surface chemistry is found to contain fluorinated silicon 

oxide during the etching of silicon. Plasma parameters during ALE are studied using a Langmuir probe 

and establish the impact of precursor addition on plasma properties. 
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I. Introduction: 

Advanced semiconductor manufacturing is increasingly demanding atomic-scale process 

controllability to further decrease critical dimensions and pitches in order to uphold Moore’s Law.2 High 

etching precision and material selectivity are essential.3, 4 Furthermore, device structures become more 

complex, adding to the challenge of shrinking dimensions.5-7 Atomic layer deposition (ALD) was 

developed as early as 1977 by Suntola,8 and has been established as a common tool in device 

patterning.9-12 Its counterpart, atomic layer etching (ALE), however, is currently still mostly in 

development.13 One of the key challenges for ALE is the long processing time that many approaches in 

use require, leading to an overall low wafer throughput.14 ALE has seen several recent advances, 

however.15, 16  

A number of theoretical studies paved the way for the development of ALE. For instance, Agarwal 

and Kushner described a computational investigation of ALE of silicon and silicon oxide using 

conventional plasma etching tools.14 Simulations showed that a careful control of chemistry and ion 

energies enables a self-limited etching behavior. Rauf et al. applied molecular dynamics simulations to 

examine the possibility of realizing ALE using nanometer-scale fluorocarbon (FC) passivation of silicon 

and silicon oxide followed by low energy Ar+ ion bombardment.17 This approach has been realized 

experimentally using a steady-state Ar plasma in conjunction with periodic, precise C4F8 injection and 

synchronized plasma-based low energy Ar+ ion bombardment.1 

In this article, the authors extended the application of this cyclic approach to silicon. Etching 

characteristics, surface chemistry mechanisms, and the potential for SiO2/Si etching selectivity are 

studied and discussed for C4F8 and CHF3 as a precursor. Additionally, advances made in the 

characterization of the flux-control based ALE of silicon oxide by Langmuir probe and atomic force 

microscopy (AFM) measurements are reported. 
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II. Experimental Methods: 

Processing conditions are identical to previous work,1 with the exception of the use of a load lock for 

all work, and are briefly described here. This work was performed using an inductively coupled plasma 

system. A planar, water cooled brass coil above a quartz window is powered by a 13.56 MHz power 

supply with an L-type matching network. All plasma processes presented here are at a source power of 

200 W and processing pressure of 10 mTorr with an Ar flow of 50 sccm. The plasma was confined within 

a 195 mm diameter anodized Al confinement ring. A 125 mm diameter silicon substrate is located 150 

mm below the top electrode on an electrostatic chuck and can be independently biased at 3.7 MHz. A 

RF self-bias potential of -5 to -15 V creates maximum ion energies of about 20 to 30 eV. The base 

pressure achieved prior to processing was in the 5x10-7 Torr range and the temperature of the samples 

(25 x 25 mm2) was stabilized by substrate cooling (10 °C) during plasma processing. In order to minimize 

impacts of atmospheric exposure of both the sample and processing chamber, a load lock was used for 

all experiments. The load lock allows for sample loading and transfer of etched samples to a surface 

analysis station under vacuum without having to expose the processing chamber to atmosphere. A 

standard oxygen plasma-based cleaning process and an Ar plasma-based conditioning process between 

each experiment allows for processing conditions to be as comparable as possible at the start of each 

experiment. Details of the plasma system have been described previously.18-20  

Material modification and etching was studied by in-situ ellipsometry.21 The ellipsometer is an 

automated rotating compensator ellipsometer working in the polarizer-compensator-sample-analyzer 

(PCSA) configuration at a ≈72° angle of incidence. Measurements were performed in --space, 

corresponding to changes in phase and relative amplitude of the polarized laser light components (He-

Ne laser, λ = 632.8 nm). The recorded data was interpreted in terms of changes in film thickness of 
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different materials based on ellipsometric multilayer modeling. The materials studied were SiO2-Si-SiO2 

stacks deposited on a silicon substrate by PECVD techniques with various thicknesses. Using SiO2-Si-SiO2 

stacks allows for precise thickness measurements as well as investigating the transition from silicon 

oxide to silicon etching and the potential to achieve SiO2/Si etching selectivity using this etching 

approach. 

 

Figure 1: Schematic of the cyclic ALE approach employed consisting of a repeating deposition step and etch step 

 

To obtain insights on changes in surface chemistry, X-ray photoelectron spectroscopy (XPS) has been 

performed at various characteristic points throughout the ALE process. To study periodic, quasi steady-

state conditions, all measurements were performed when the etch behavior was nearly identical from 

cycle to cycle. Measurements were performed by a Vacuum Generators ESCALAB MK II surface analysis 

system after vacuum transfer to avoid exposure to air. Narrow scan spectra of the Si2p, C1s, O1s, and 

F1s were obtained at 20 eV pass energy at an electron take-off angle of 20° (shallow probing depth ≈20 

to 30 Å) and 90° (deep probing depth ≈80 Å) with respect to the sample surface. Spectra were charge 

compensated by calibrating the binding energy position of the Si-Si peak to 99.3 eV, and fitted using a 

least square fit after Shirley background subtraction.22, 23 Si2p spectra were fit with peaks corresponding 

to Si-Si, SiF, SiF2, SiF3, SiC, SiO2, and fluorinated silicon oxide. C1s spectra were fit with peaks 

corresponding to C-C, SiC, C-CFx (x = 1, 2, and 3), CF, CF2, and CF3. O1s spectra were fit with peaks 

corresponding to SiO2 and fluorinated silicon oxide. F1s spectra were fit with peaks corresponding to SiFx 



6 
 

(x = 1, 2, and 3), fluorinated silicon oxide, and CF. Additional information about this analysis can be 

found in previous publications23-29 and also will be subject of a future publication.30 

 

III. Results: 

A cyclic process is employed to realize atomic layer etching (ALE) of silicon oxide and silicon on the 

order of several Ångstrom per cycle. One cycle consists of a deposition step and an etch step, as 

schematically shown in Fig. 1. Precise precursor injection at the beginning of each deposition step allows 

controlled FC film deposition at a thickness in the Ångstrom range. After allowing the precursor to 

deplete for 12 s, a small bias potential in the range of -5 to -15 V is applied, creating maximum ion 

energies of 20 to 30 eV. This low energy Ar+ ion bombardment induces FC film etching, mixing with the 

underlying substrate and etching of the mixed, reacted material.31-33 Etch rates decrease once the FC 

and reacted substrate layer have been removed, and are followed by physical sputtering. These two 

steps can be repeated and enable control over the total etched thickness. The ion energies are below 

the physical sputtering threshold for silicon oxide (≈50 eV),15 leading to a strongly time-dependent 

etching based on chemical etchant control, i.e. fluorine, for this material. 

 

A. C4F8 based ALE 

Interpretation of single wavelength ellipsometry data relies on differences in the optical properties 

of the materials investigated.21 Since the FC film, fluorinated silicon, and fluorinated silicon oxide have 

similar refractive indices, it is difficult to distinguish the presence of these films on the substrate via 

single wavelength ellipsometry alone. The refractive index of elemental silicon, however, is very 

different, which allows to clearly separate the unreacted silicon from FC, fluorinated silicon, and 

fluorinated silicon oxide. Therefore, in situ ellipsometry allows visualization of the various phases within 
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a single cycle of ALE of silicon. This is shown in Fig. 2 using C4F8 as a fluorocarbon film precursor. The 

conditions shown are for processes employing 25 eV ion energy with an etch step length of 40 s. The 

precursor injection conditions had been chosen to deposit 5 Å FC material on a silicon oxide substrate, 

and a similar amount of FC material is deposited on the Si surface. FC deposition can clearly be seen as 

an increase in  with little change in . The trajectory during initial etching does not follow the 

trajectory of the FC deposition, indicating fluorination and loss of silicon, driven by low energy ion 

bombardment. The subsequent decrease in  and increase in  can be interpreted by the removal of FC 

material, fluorinated silicon and silicon oxide, and elemental silicon. Depending on processing 

conditions, a physical sputtering phase can be seen during a reactant-starved phase at the end of the 

etch step. The total Si removal per cycle is ≈3 Å for the conditions shown in Fig. 2 for C4F8. Using the 

same process conditions for silicon oxide ALE results in a FC film deposition of 5 Å per cycle and a 

material removal of ≈2 Å. 

 

Figure 2 (Color Online): In situ ellipsometry of one example cycle of Si ALE for C4F8. The start of the etch step is 
marked as ‘0 s’. 5 s, 15 s, and 40 s of 25 eV ion bombardment are marked. 5 Å of FC film are deposited and ≈3 Å of 
Si are removed during each cycle 
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For comparison, in situ ellipsometry monitoring of a continuous plasma etch approach is shown in 

Fig. 3, along with data obtained for cyclic a ALE approach using 5 Å of FC film deposition per cycle and 30 

eV ion energy. The continuous etch was performed at 4% C4F8/Ar, 200 W source power, 10 mTorr 

processing pressure, and 70 eV ion energy. Figure 3 shows clearly the formation of a thicker steady-state 

FC layer on the Si surface during continuous plasma etching as compared to reactant-limited ALE. The 

periodic injection of a precursor, in contrast to continuous addition, allows for flux-controlled etching 

and produces significantly thinner FC films and reacted Si layers on the Si surface, along with overall 

much less FC material in the system. 

 

Figure 3 (Color Online): In situ ellipsometry of a continuous Ar/C4F8 etch and a cyclic ALE approach etch through a 
SiO2-Si-SiO2 stack. The areas of silicon oxide and silicon etching are marked with shaded backgrounds. 

 

As discussed above, the interpretation of single wavelength ellipsometry data involving materials 

with similar optical properties, e.g. FC films and fluorinated silicon oxide, is difficult. Combining real time 

ellipsometry kinetic data with X-ray photoelectron spectroscopy (XPS) surface analysis data that provide 
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elemental analysis allowed the authors to explain the evolution during one ALE cycle in detail. The 

surface chemistry was measured via XPS after reaching four characteristic points throughout one cycle: 

1) after completion of FC deposition, 2) after initiation of etching, 3) once the middle of the etching step 

was reached, and 4) at the end of the etching step.  

 

Figure 4 (Color Online): XPS spectra comparing Si ALE using C4F8 after the deposition step, during the etch step, 
and at the end of the etch step 

 

The corresponding spectra for silicon ALE using C4F8 are shown in Fig. 4. The times shown 

correspond to times within one cycle, e.g. 0 s corresponds to the end of FC deposition, right after which 

the bias potential is applied and the etching step starts. Other spectra were taken after 5 s, 15 s, and 40 

s of low energy Ar+ ion bombardment. In this article we present the raw data, whereas detailed analysis 

of these spectra is in progress, and will be described in a future publication. The following statements 

are based on this more thorough analysis.  
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A strong FC film removal takes place upon ion bombardment, predominately in the form of C-Fx 

species (x = 1, 2, and 3) removal. The F/C ratio of the film, based on decomposition of the C1s spectra,25 

decreases from ≈0.45 after deposition to ≈0.2. This strong decrease is already seen after only 5 s of ion 

bombardment. Most of this removal takes place within the first 15 s of ion bombardment as the C1s 

signal after 15 s and 40 s of ion bombardment is comparable. The real time ellipsometry, shown in Fig. 2, 

confirms this observation and shows only little change in the FC film thickness after 15 s of ion 

bombardment. Furthermore, a residual carbon film is seen in XPS at the end of the etch step, i.e. after 

40 s of ion bombardment.  

The Si2p spectra show two main signal peaks located at 99.5 eV and 104.2 eV. The peak at the lower 

binding energy originates from silicon related species while the one at higher binding energies originates 

from silicon oxide related species. The overall amount of fluorinated silicon, located at binding energies 

from 100 to 103 eV, is relatively low. It has to be noted that the asymmetry of the elemental silicon peak 

is due to spin-orbit splitting of the signal,26 rather than chemical shifts. Thus, the majority of the lower 

binding energy signal originates from elemental silicon. 

The scans at each time point show a significant O1s signal. Additional studies performed with bulk, 

crystalline silicon substrates with a native oxide show that the oxide layer is fluorinated but never fully 

removed, even after more than 30 cycles of ALE. The silicon removal is therefore taking place with a 

fluorinated silicon oxide layer on top of the silicon substrate. An increase in the O1s signal is seen as the 

etch moves to a reactant-starved condition, i.e. the later part of the etch step, showing a formation of a 

fluorinated oxide layer on top of the silicon. One possible oxygen source is the interaction of the steady-

state Ar plasma with the quartz coupling window.34-36 
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B. CHF3 based ALE 

The choice of precursor has a significant impact on the etching behavior. Using CHF3 as a precursor 

instead of C4F8 has been explored. Figure 5 shows the in situ ellipsometry trajectory of silicon ALE using 

CHF3 as a precursor. The deposition step and etch step can clearly be distinguished in the trajectory. A 

strong increase in  is seen upon precursor injection, corresponding to a FC film deposition of ≈11 Å. 

Detailed optical modeling and examination suggests an apparent silicon loss during the deposition step. 

This loss could be based on formation of fluorinated silicon, silicon carbide, spontaneous etching due to 

hydrogen or fluorine interaction, or a combination of these. The FC film deposition can lead to a 

fluorination of the substrate, which would show as an apparent silicon loss in ellipsometry. However, 

XPS spectra do not suggest a significant increase in fluorinated silicon upon deposition. Similarly, 

formation of silicon carbide, due to film deposition, would also show an apparent silicon loss in 

ellipsometry. Additionally, the hydrogen from the CHF3 precursor as well as the fluorine can react with 

the fluorinated silicon substrate, forming volatile species.37 The total silicon removed per cycle is ≈6 Å 

for the conditions shown in Fig. 5. The same process conditions result in a FC film deposition of 5 Å per 

cycle and a material removal of ≈4 Å per cycle for silicon oxide ALE. 
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Figure 5 (Color Online): In situ ellipsometry of  one example cycle of Si ALE for CHF3. The start of the etch step is 
marked as ‘0 s’. 5 s, 15 s, and 40 s of 25 eV ion bombardment are marked. ≈11 Å of FC film are deposited and ≈6 Å 
of Si are removed during each cycle. 

 

Figure 6 (Color Online): XPS spectra comparing Si ALE using CHF3 after the deposition step, during the etch step, 
and at the end of the etch step. 
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The surface chemistry during the ALE cycle using CHF3 as a precursor is shown in Fig. 6. A strong 

decrease in the F1s can be seen during the etch step. A small O1s signal is seen during all stages of the 

ALE cycle. The signal does not change strongly during the cycle compared to other spectra, e.g. the F1s 

and C1s. Since ellipsometry shows a decrease in silicon thickness, the etching is taking place while a 

fluorinated silicon oxide layer is present. The Si2p spectra show a significant intensity around 104 eV, 

corresponding to this fluorinated silicon oxide. A relatively small fluorinated silicon signal is observed. 

The majority of the signal around 99.5 eV is due to elemental silicon. The asymmetry of this peak is 

based on spin-orbit splitting,26 rather than chemical shifts. Strong FC film removal is observed during the 

etch step. The high binding energy shoulder in the C1s spectra, related to C-Fx species (x = 1, 2, and 3), is 

significantly reduced after only 5 s of ion bombardment. A strong FC film defluorination takes place as 

the F/C ratio drops from ≈0.6 after deposition to ≈0.2 after 40 s of ion bombardment at the end of the 

etch step. This defluorination and FC film removal takes place more gradually than for C4F8 and is seen to 

occur over the whole etch step length. This is evident from the continuous decrease of the C1s signal 

and is consistent with the real time ellipsometry data.  

 

Figure 7 (Color Online): Thickness removal during the cycle as determined by ellipsometry for ALE of Si and SiO2 
using C4F8 and CHF3 at 25 eV ion energy and 40 s etch step length. 
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C. Etched Material per Cycle 

Figure 7 shows the amount of material etched during each cycle for ALE of silicon and silicon oxide 

using C4F8 and CHF3 at 25 eV ion energy and 40 s etch step length. The precursor injection has been set 

for a deposition of 5 Å of FC film per cycle on a silicon oxide substrate. These conditions are identical to 

the ones discussed in section III A. and B. The average removal per cycle is higher for CHF3 compared to 

C4F8. This can be explained for silicon oxide by the higher F/C ratio of the FC film deposited. A film of 

similar thickness, 5 Å in this case, will provide more reactive fluorine for the chemically assisted etching 

and hence cause a higher material removal. For silicon ALE, the FC film thickness deposited per cyle does 

additionally increase for CHF3 based ALE, as will be described in detail in section IV A. Similar to silicon 

oxide, more reactive fluorine is available compared to C4F8 based silicon ALE leading to significantly 

more material removed per cycle for CHF3. The initial increase in amount of material removal during the 

first 6 cycles is based on increased substrate fluorination and increased availability of reactive fluorine.1, 

17 

 

Figure 8 (Color Online): FC film deposition, silicon removal, and silicon oxide removal during the cycle as 
determined by ellipsometry for ALE using CHF3 at 25 eV ion energy and 20 s etch step length. The first 13 cycles 
are etching through a silicon oxide layer on top of the silicon substrate. 
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Reducing the etch step length from 40 s to 20 s leads to insufficient FC film removal in the case of 

silicon ALE using CHF3. The relatively thick depositions of ≈11 Å of FC film per cycle cannot be fully 

etched within 20 s of ion bombardment. This leads to a residual film at the end of each cycle, and 

therefore to an overall FC film build-up from cycle to cycle. The FC film inhibits silicon etching, thus 

reducing the silicon removal per cycle, see Fig. 8. During the first 13 cycles a silicon oxide on top of the 

silicon substrate is etched. In cycle 14 the silicon substrate is reached. Initially clean surfaces show an 

increasing silicon removal of up to 4 Å per cycle. Subsequently, the silicon removal per cycle drops to 

less than 1 Å per cycle within 18 cycles of silicon ALE, i.e. cycle 14 to 32, as a FC film builds up on the 

surface. About 45 Å of silicon are etched during these 18 cycles, before the removal per cycle drops 

below 1 Å. 

 

D. Atomic Force Microscopy and Langmuir Probe Characterization  

The surface roughness of blanket silicon oxide surfaces was measured by atomic force microscopy 

(AFM) and is shown in Fig. 9. The processing conditions used are 10 cycles of ALE with 5 Å of FC 

deposition per cycle using C4F8 and 25 eV ion energy, identical to conditions presented and discussed in 

Section III A. It can be seen that SiO2 surfaces remain smooth after the ALE. This suggests a good 

uniformity of the process, which is essential for industrial applications.38, 39  

Time resolved plasma properties were measured using a Langmuir probe. In a first step, it was 

shown that applying a bias potential of up to 15 V does not have any significant impact on the plasma 

properties. Therefore, all changes observed during the cyclic Ar/C4F8 approach are due to precursor 

injection and not the application of a bias potential. Short precursor injection results in a clear change in 

plasma properties during each cycle and is shown in Fig. 10. While the plasma potential Vp and the 

electron temperature Te spike, the plasma density Ne drops significantly. These changes upon C4F8 
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injection are in agreement with the impact of a continuous precursor addition.40 A recovery of all three 

plasma properties to initial values before the pulse injection is seen within ≈20 s. There is, however, a 

small change in plasma properties from cycle to cycle due to FC wall coverage. In agreement with 

continuous precursor addition, FC wall coverage leads to a decrease in VP and Ne, and a small increase in 

Te. These effects are more pronounced for longer precursor pulses. The recovery time of the plasma 

parameters after precursor injection is significantly longer, especially for Vp, and exceeds gas residence 

times. Additionally, the use of CHF3 as a precursor instead of C4F8 has been explored. Overall, CHF3 

shows the same trends as C4F8, i.e. a brief increase in Vp and Te and a drop in Ne, but on a smaller scale.  

 

Figure 9 (Color Online): Surface roughness as measured by AFM (1 x 1 μm2) after 10 cycles of SiO2 ALE with 5 Å FC 
deposition per cycle, 25 eV ion energy, and 40 s etch step length. 
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Figure 10: Response in plasma parameters (a) Plasma potential Vp, (b) electron density Ne, and (c) electron 
temperature Te upon brief C4F8 injection. 

 

IV. Discussion: 

A. Precursor Comparison 

The C4F8 and CHF3 fluorocarbon gases employed here show several significant differences. The 

deposition yield, i.e. the amount of FC film deposited divided by the amount of precursor injected, of 

CHF3 is lower than for C4F8. This is in agreement with the smaller impact of CHF3 injection on the plasma 

properties, as described in section III D. To achieve comparable deposited FC film thicknesses as for C4F8, 

more CHF3 needs to be injected during the deposition step. Using C4F8 as a precursor shows generally 

only little change in the deposition behavior on silicon compared to silicon oxide. On the other hand, 

CHF3 shows a strong change when transitioning from silicon oxide to silicon, see Fig. 8 and 11. The 

thickness increase, during the deposition step, as measured by ellipsometry, is significantly higher on 

silicon than on silicon oxide with the same precursor injection. A higher C1s signal intensity is observed 

on silicon for CHF3, compared to C4F8 for Si, and to a FC deposition on SiO2 using CHF3, confirming the 

thicker FC layer. 
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The increase in FC deposition per cycle seen for CHF3 can be used to achieve selective SiO2/Si 

etching. Using an etch step length of 20 s shows insufficient etching of the relatively thick FC film on 

silicon, while etching silicon oxide under the same process conditions. As discussed in section III C. and 

shown in Fig. 8, a FC film build up inhibits silicon etching and reduces the silicon removal per cycle. The 

current, non-optimized, process conditions show a relatively high total silicon removal during the FC film 

build up, but highlight the possibility of using this approach to achieve selective SiO2/Si etching. 

 

Figure 11 (Color Online): Deposition behavior of C4F8 (closed symbols) and CHF3 (open symbols) on SiO2 and Si 
substrates. (a) The C1s spectrum shows a higher intensity for CHF3 when depositing on Si (black squares) with the 
same precursor injection as on SiO2 (red circles). (b) F/C ratios of the polymer films deposited in a cyclic fashion by 
C4F8 and CHF3 

 

The F/C ratio of the deposited film depends on the choice of precursor and thickness of the 

deposited film.15 Surface chemistry analysis after deposition of 5 Å thick FC films on the silicon oxide 

substrate using this cyclic process shows a higher F/C ratio for the FC film deposited by CHF3 than C4F8. 

This is in contrast to typical continuous etch approaches, for which CHF3 leads to a significantly fluorine-

poorer steady-state film due to the impact of hydrogen.25, 31 This demonstrates just one of many 

differences between ALE and continuous plasma etch approaches. Etch mechanisms and known 

phenomena can be very different when moving to ultra-thin layers and reactant-starved conditions. For 
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example, Hua et al. also demonstrated the importance and difference of initial, short-term plasma 

exposure in comparison to longer, steady-state plasma etching.41 Comparing the C1s spectra of films 

deposited by C4F8 and CHF3 on silicon under comparable conditions shows a similar difference in the F/C 

ratio of the FC films. Similar to films deposited on silicon oxide, FC films deposited on silicon by CHF3 

show a higher F/C ratio compared to films deposited by C4F8 for the thin films investigated here (less 

than 10 Å).  

We observed that a fluorinated oxide layer persists during ALE of silicon using this cyclic flux-

controlled process. Surface chemistry results presented above show significant intensities of the O1s 

during each step of the cycle. The fluorinated oxide will interact with and is involved in the etching 

mechanism of the silicon substrate. For example, for certain process conditions oxidation of the Si 

substrate can take place.22 A possible source of oxygen is erosion of the quartz coupling window as 

described in previous publications.34-36 This surface chemistry potentially constrains possible selective 

etching of silicon oxide over silicon, which can remain oxidized at the surface during etching, thus 

reducing substrate chemistry effects on the etching behavior. The fluorinated oxide signal is significantly 

stronger for C4F8 based etching as compared to CHF3 based etching. Additionally, the total O1s signal is 

fairly constant throughout the ALE cycle for CHF3, while the O1s signal increases towards the end of a 

cycle for C4F8 based ALE. It is important to note that the FC film thickness deposited per cycle is 

significantly higher for CHF3, as explained above. This thicker FC film coverage can lead to stronger 

etching and potentially prevent surface oxidation, therefore reducing the importance of fluorinated 

oxide.1, 22, 25  
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B. Etch Mechanism 

One challenge for control of silicon ALE is the high reactivity of a silicon surface under continuous 

ion bombardment. This is in contrast to silicon oxide, which exhibits a fairly inert surface, allowing 

controlled FC deposition and SiO2 etching. The silicon surface is very reactive and easily undergoes 

oxidation by trace amounts of oxygen, and fluorination, e.g. due to plasma-chamber wall interactions.  

Another challenge lies in the lower threshold for physical sputtering of silicon compared to silicon 

oxide.15 The sputtering threshold for silicon oxide is ≈50 eV, while the sputtering threshold for silicon is 

≈20 eV. This threshold energy is below the ion energies used for the present ALE approach, and imply 

that the physical sputtering rate of silicon is still finite at the end of the ALE cycle and true self-limited 

etching is not achieved.  

Additionally, silicon etching using the current ALE approach depends very sensitively on process 

conditions. While the changes in process parameters for this study were small, e.g. the FC deposition 

thickness per cycle was varied only over a range of a few Ångstroms, and the ion energy range was 

varied from 20 to 30 eV, a significant impact on Si etching behavior was observed. Our work has shown 

that rigorous control of process parameters and chamber conditions are essential to maintain high 

precision etch control for ALE. For instance, FC material on the chamber walls is a source of additional 

chemical etchant and can prevent self-limited etching.42 

The etch step length, i.e. time of ion bombardment during each cycle, is a very important process 

parameter. This etch step length is a “new process parameter” as there is no equivalent in conventional 

continuous plasma etching, and highlights the increased flexibility of cyclic ALE processes. The etch step 

length impacts the FC depletion from the surface. Short etch steps do not remove sufficient amounts of 

FC, leading to an overall fluorine-rich situation, and prevent reactant controlled etching. Longer etch 

steps remove more FC from the surface and fluorine from the substrate. However, avoiding extended 
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ion bombardment of the substrate minimizes silicon damage and potential oxidation. Additionally, long 

etch steps exhibit extended physical sputtering of silicon.  

The goal of this work is to characterize the etch mechanism involved in Si ALE rather than achieving 

high SiO2/Si selectivity. Therefore, results presented here show limited selectivity of silicon oxide over 

silicon etching for the conditions examined. The authors are currently investigating the impact of etch 

step length, FC film thickness, ion bombardment energies and FC precursor chemistry on silicon etch 

behavior and silicon oxide over silicon etching selectivity. It is expected that a carefully chosen 

combination of shorter etch step lengths, thicker FC film deposition per cycle, and the use of CHF3 is 

beneficial for achieving high selectivity and will be discussed in detail in a future publication.30 Using 

CHF3 compared to C4F8 for cyclic ALE is shown to have a higher potential for high SiO2/Si selectivity. This 

is in contrast to continuous plasma etch approaches, for which C4F8 shows higher SiO2/Si selectivity.22, 24 

Hudson et al. reported achieving highly selective silicon oxide over silicon nitride etching using a similar 

cyclic approach of alternating FC deposition and low energy ion bombardment.43, 44 The approach utilizes 

a film build-up based on a difference in FC film etch rate on top of a silicon oxide substrate compared to 

a silicon nitride substrate. Each cycle leaves a residual film, adding up from cycle to cycle and eventually 

prohibiting further substrate etching.  

 

V. Summary and Conclusions: 

The cyclic Ar/C4F8 ALE approach established for silicon oxide has been extended to silicon ALE. The 

FC film thickness deposited per cycle determines the amount of fluorine available and strongly controls 

material removal. The ion energy has a high impact on observed Si etch rates. As compared to silicon 

oxide, less variation of the silicon etch rate during a cycle is seen. This can be explained by the fact that 

the physical sputtering energy threshold of about 20 eV for silicon is significantly lower than that of SiO2 
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and prevents true self-limited etching for the conditions employed. The etch step length is expected to 

play a major role in achieving ultra-high etching selectivity of silicon oxide over silicon etching. CHF3 is 

shown to exhibit a significantly thicker FC film deposition on silicon than on silicon oxide for comparable 

injection parameters than when C4F8 is used as a film precursor. For the latter, little substrate 

dependence on FC film deposition is seen. The change in FC film deposition observed for CHF3 is shown 

to enable selective SiO2/Si etching. The F/C ratio of thin films deposited by CHF3 is higher than for FC 

films deposited by C4F8. A significant fluorinated silicon oxide layer is observed on the surface during 

silicon ALE when C4F8 is used as a precursor, and involved in the etching mechanism of silicon. The 

surface chemistry changes throughout a cycle depend on process conditions, e.g. FC film thickness 

deposited per cycle. Precursor injection has been shown to have a strong, but brief impact on measured 

plasma parameters. Consistent with continuous precursor injection, the plasma potential and electron 

temperature increase, while the electron density drops. 

The authors are currently investigating the impact of FC film thickness deposited per cycle, ion 

energy, etch step length and precursor chemistry on the etch mechanism in detail. The surface 

chemistry is being analyzed in detail to establish a more complete picture of the surface chemical 

processes underlying the ALE process. This employs the correlation of in situ ellipsometry data with 

more detailed analysis of XPS data. 
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Figure Captions 

Figure 1: Schematic of the cyclic ALE approach employed consisting of a repeating deposition step 

and etch step 

Figure 2 (Color Online): In situ ellipsometry of one example cycle of Si ALE for C4F8. The start of the 

etch step is marked as ‘0 s’. 5 s, 15 s, and 40 s of 25 eV ion bombardment are marked. 5 Å of FC film are 

deposited and ≈3 Å of Si are removed during each cycle. 

Figure 3 (Color Online): In situ ellipsometry of a continuous Ar/C4F8 etch and a cyclic ALE approach 

etch through a SiO2-Si-SiO2 stack. The areas of silicon oxide and silicon etching are marked with shaded 

backgrounds. 

Figure 4 (Color Online): XPS spectra comparing Si ALE using C4F8 after the deposition step, during 

the etch step, and at the end of the etch step 

Figure 5 (Color Online): In situ ellipsometry of  one example cycle of Si ALE for CHF3. The start of the 

etch step is marked as ‘0 s’. 5 s, 15 s, and 40 s of 25 eV ion bombardment are marked. ≈11 Å of FC film 

are deposited and ≈6 Å of Si are removed during each cycle. 

Figure 6 (Color Online): XPS spectra comparing Si ALE using CHF3 after the deposition step, during 

the etch step, and at the end of the etch step 

Figure 7 (Color Online): Thickness removal during the cycle as determined by ellipsometry for ALE of 

Si and SiO2 using C4F8 and CHF3 at 25 eV ion energy and 40 s etch step length. 

Figure 8 (Color Online): FC film deposition, silicon removal, and silicon oxide removal during the 

cycle as determined by ellipsometry for ALE using CHF3 at 25 eV ion energy and 20 s etch step length. 

The first 13 cycles are etching through a silicon oxide layer on top of the silicon substrate. 

Figure 9 (Color Online): Surface roughness as measured by AFM (1 x 1 μm2) after 10 cycles of SiO2 

ALE with 5 Å FC deposition per cycle, 25 eV ion energy, and 40 s etch step length.  

Figure 10: Response in plasma parameters (a) Plasma potential Vp, (b) electron density Ne, and (c) 

electron temperature Te upon brief C4F8 injection 

Figure 11 (Color Online): Deposition behavior of C4F8 (closed symbols) and CHF3 (open symbols) on 

SiO2 and Si substrates. (a) The C1s spectrum shows a higher intensity for CHF3 when depositing on Si 

(black squares) with the same precursor injection as on SiO2 (red circles). (b) F/C ratios of the polymer 

films deposited in a cyclic fashion by C4F8 and CHF3 

 


