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CLAIMS 

1. A method for performing atomic layer etching (ALE) on a substrate, comprising:

performing a surface modification operation on a substrate surface, the surface

modification operation configured to convert at least one monolayer of the substrate surface 

to a modified layer, wherein a bias voltage is applied during the surface modification 

operation, the bias voltage configured to control a depth of the substrate surface that is 

converted by the surface modification operation; 

performing a removal operation on the substrate surface, the removal operation 

configured to remove at least a portion of the modified layer from the substrate surface, 

wherein removing the portion of the modified layer is effected via a ligand exchange reaction 

that is configured to volatilize the portion of the modified layer. 

2. The method of claim 1, wherein the surface modification operation is configured to

diffuse ions into the substrate surface to the depth as controlled by the bias voltage. 

3. The method of claim 1, wherein the bias voltage is configured to have a magnitude

and a time duration during the surface modification operation to achieve the depth of the 

substrate surface that is converted by the surface modification operation. 

4. The method of claim 1, wherein the depth is defined by one or more monolayers of

the substrate. 

5. The method of claim 1, wherein the bias voltage is configured to shift the surface

modification operation from being primarily isotropic to being primarily anisotropic, 

depending on a magnitude of the bias voltage. 

6. The method of claim 1, wherein the bias voltage is applied during part of the surface

modification operation, the part during which the bias voltage is applied to increase an 

amount of the depth in a vertical direction that increases anisotropy of the ALE, and a portion 

during which the bias voltage is not applied to increase the depth in a non-vertical direction 

that increases isotropy of the ALE. 
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7. The method of claim 1, further comprising: 

performing, following the removal operation, a plasma treatment on the substrate 

surface, the plasma treatment configured to remove residues generated by the removal 

operation and/or the surface modification operation from the substrate surface, wherein the 

residues are volatilized by the plasma treatment. 

 

8. The method of claim 7,  

wherein the removal operation is configured to remove less than an entire portion of 

the modified layer from the substrate surface; and,  

the method further comprising: repeating the removal operation and the plasma 

treatment until the entire portion of the modified layer is removed from the substrate surface. 

 

9. The method of claim 8, further comprising: repeating the surface modification 

operation, the removal operation and the plasma treatment until a predefined thickness has 

been etched from the substrate surface. 

 

10. The method of claim 1, wherein the bias voltage is in the range of approximately 20 

to 100 V. 

 

11. The method of claim 1, wherein performing the surface modification operation 

includes exposing the substrate surface to a fluorine-containing plasma, wherein the exposure 

to the fluorine-containing plasma is configured to convert the at least one monolayer of the 

substrate surface to a fluoride species. 

 

12. The method of claim 11,  

wherein the substrate surface includes a metal, metal oxide, metal nitride, metal 

phosphide, metal sulfide, metal arsenide, or metal compound; 

wherein the exposure to the fluorine-containing plasma forms a metal fluoride. 

 

13. The method of claim 11, wherein exposing the substrate surface to the fluorine-

containing plasma includes introducing a fluorine-containing gas into a chamber in which the 

substrate is disposed, and igniting the fluorine-containing plasma. 
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14. The method of claim 13, wherein the exposure to the fluorine-containing plasma is 

performed at a chamber pressure of about 10 to 500 mTorr, for a duration of less than about 

15 seconds. 

 

15. The method of claim 11, wherein performing the removal operation includes exposing 

the substrate surface to tin-(II) acetylacetonate (Sn(acac)2) vapor, the exposure to the 

Sn(acac)2 vapor configured to exchange acetylacetonate (acac) ligands for fluorine atoms in 

the modified layer. 

 

16. The method of claim 15, wherein exposing the substrate surface to the Sn(acac)2 

includes introducing the Sn(acac)2 as a vapor into a chamber in which the substrate is 

disposed. 

 

17. The method of claim 16, wherein the exposure to the Sn(acac)2 is performed for a 

duration of about 1 to 30 seconds. 

 

18. The method of claim 7, wherein performing the plasma treatment includes exposing 

the substrate surface to a hydrogen plasma, the exposure to the hydrogen plasma configured 

to volatilize tin, tin fluoride or tin oxide residues on the substrate surface. 

 

19. The method of claim 18, wherein exposing the substrate surface to the hydrogen 

plasma includes introducing a hydrogen gas into a chamber in which the substrate is 

disposed, and igniting the hydrogen plasma. 

 

20. The method of claim 19, wherein the exposure to the hydrogen plasma is performed 

for a duration of about 1 to 30 seconds. 

 

21. The method of claim 1,  

wherein the surface modification operation is performed in a first chamber; 

wherein the removal operation is performed in a second chamber. 

 

22. A method for performing atomic layer etching (ALE) on a substrate, comprising: 
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performing a surface modification operation on a substrate surface, the surface 

modification operation including exposing the substrate surface to a first plasma that converts 

at least one monolayer of the substrate surface to a modified layer, wherein a bias voltage is 

applied during the surface modification operation, the bias voltage being configured to 

control a depth of the substrate surface that is converted by the surface modification 

operation, wherein the bias voltage is configured to accelerate ions from the first plasma 

towards the substrate surface without substantially etching the substrate surface; 

performing a removal operation on the substrate surface, the removal operation 

including removing at least a portion of the modified layer from the substrate surface, 

wherein removing the portion of the modified layer is effected via a ligand exchange reaction 

that is configured to volatilize the portion of the modified layer; 

performing a clean operation on the substrate surface, the clean operation including 

removing residues generated by the removal operation from the substrate surface, the clean 

operation further including exposing the substrate surface to a second plasma, wherein the 

residues are volatilized by the exposure to the second plasma. 
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