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nitride.  Potential manganese precursor candidates often suffer from poor vapor pressures and 

reaction rates, and/or provide manganese-containing films with undesirable morphology.  

Accordingly, there exists significant interest in the development of manganese complexes with 

performance characteristics which make them suitable for use as precursor materials in vapor 

deposition processes to prepare manganese nitride and other manganese-containing films.  For 5 

example, manganese precursors with improved performance characteristics (e.g., thermal 

stabilities, vapor pressures, deposition rates, and barrier properties of films produced therefrom) 

are needed, as are methods of depositing thin films from such precursors.   

SUMMARY 

[0007]       According to one embodiment, a metal complex of Formula I is provided: 10 

 

(I) 

wherein R1, R2, R2’, and R3 are independently selected from the group consisting of hydrogen, 

alkyl, and aryl; M is a metal selected from Groups 7–10 of the periodic table or is copper; and L 

comprises at least one ligand. In a first aspect, there is provided a metal complex of Formula I: 15 

 (I), wherein R1, R2, R2’, and R3 are independently selected from the group 

consisting of alkyl and aryl; M is selected from the group consisting of manganese, cobalt, nickel, 

and copper; and L is at least one ligand selected from the group consisting of a diazabutadiene 

ligand, an amidinate ligand, and an allyl ligand. 

[0008]       In some embodiments of the metal complex of Formula I, M is selected from the 20 

group consisting of manganese, cobalt, nickel, and copper.  In particular embodiments, M is 

manganese.   

[0009]       In some embodiments of the metal complex of Formula I, R1, R2, R2’, and R3 are 

independently selected from the group consisting of hydrogen, C1–C4-alkyl, and C6–C10-aryl.  In 

particular embodiments, R1, R2, R2’, and R3 are independently selected from the group consisting 25 

of hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl.  In other 

embodiments, R2 and R2’ are each methyl. 

[0010]       In some embodiments of the metal complex of Formula I, L comprises at least one 

monodentate or bidentate ligand.  In such embodiments, L may be, for example, 
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an amidoimine ligand, a diazabutadiene (DAD) ligand, an amidinate (AMD) ligand or an 

allyl ligand.  In one or more embodiments, L is an �
3
-allyl ligand. 

[0011]       According to another embodiment, a metal complex of Formula IA is 

provided: 

 5 

(IA) 

wherein R1, R2, R2’, R3, R4, R5, R6, and R6’ are independently selected from the group 

consisting of hydrogen, alkyl, and aryl; and M is a metal selected from Groups 7–10 of the 

periodic table or is copper. There is also provided a metal complex of Formula IA: 

 (IA), wherein R1, R2, R2’, R3, R4, R5, R6 and R6’ are independently 10 

selected from the group consisting of alkyl and aryl; and M is a metal selected from 

Groups 7–10 of the periodic table or is copper.  

[0012]       In some embodiments of the metal complex of Formula IA, M is selected 

from the group consisting of manganese, cobalt, nickel, and copper.  In particular 

embodiments, M is manganese. 15 

[0013]       In some embodiments of the metal complex of Formula IA, R1, R2, R2’, R3, 

R4, R5, R6, and R6’ are independently selected from the group consisting of hydrogen, C1–

C4-alkyl, and C6–C10-aryl.  In particular embodiments, R1, R2, R2’, R3, R4, R5, R6 and R6’ 

are independently selected from the group consisting of hydrogen, methyl, ethyl, propyl, 

isopropyl, butyl, sec-butyl, tert-butyl, and phenyl.  20 
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[0014]       In some embodiments of the metal complex of Formula IA, R2, R2’, R6, and 

R6’ are each methyl. 

[0015]       In some embodiments, the metal complex of Formula IA is a homoleptic 

complex, such that R1 = R5, R2 = R6, R2’ = R6’, and R3 = R4.   

[0016]       According to another embodiment, a metal complex of Formula IB is 5 

provided:
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(IB) 

wherein R1, R2, R2’, R3, R7, R8, R9, and R10 are independently selected from the group consisting of 

hydrogen, alkyl, and aryl; and M is a metal selected from Groups 7–10 of the periodic table or is 

copper. There is provided a metal complex of Formula IB:  (IB), wherein R1, R2, 5 

R2’ and R3 are independently selected from the group consisting of alkyl and aryl; R7, R8, R9, and 

R10 are independently selected from the group consisting of hydrogen, alkyl, and aryl; and M is a 

metal selected from Groups 7–10 of the periodic table or is copper.  

[0017]       In some embodiments of the metal complex of Formula IB, M is selected from the 

group consisting of manganese, cobalt, nickel, and copper.  In particular embodiments, M is 10 

manganese. 

[0018]       In some embodiments of the metal complex of Formula IB, R1, R2, R2’, R3, R7, R8, 

R9, and R10 are independently selected from the group consisting of hydrogen, C1–C4-alkyl, and 

C6–C10-aryl.  In particular embodiments, R1, R2, R2’, R3, R7, R8, R9, and R10 are independently 

selected from the group consisting of hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, 15 

tert-butyl, and phenyl.   

[0019]       In some embodiments of the metal complex of Formula IB, R2 and R2’ are each 

methyl. 

[0020]       In some embodiments of the metal complex of Formula IB, R8 and R9 are each 

hydrogen. 20 

[0021]       According to another aspect, a metal complex of Formula IC is provided: 
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(IC) 

wherein R1, R2, R2’, R3, R11, R12, and R13 are independently selected from the group 

consisting of hydrogen, alkyl, and aryl; and M is a metal selected from Groups 7–10 of the 

periodic table or is copper. 

[0022]       In some embodiments of the metal complex of Formula IC, M is selected 5 

from the group consisting of manganese, cobalt, nickel, and copper.  In particular 

embodiments, M is manganese. 

[0023]       In some embodiments of the metal complex of Formula IC, R1, R2, R2’, R3, 

R11, R12, and R13 are independently selected from the group consisting of hydrogen, C1–

C4-alkyl, and C6–C10-aryl.  In particular embodiments, R1, R2, R2’, R3, R11, R12, and R13 10 

are independently selected from the group consisting of hydrogen, methyl, ethyl, propyl, 

isopropyl, butyl, sec-butyl, tert-butyl, and phenyl.  

[0024]       In some embodiments of the metal complex of Formula IC, R2 and R2’ are 

each methyl. 

[0025]       According to another embodiment, a metal complex of Formula ID is 15 

provided: 

 

(ID) 

wherein R1, R2, R2’, and R3 are independently selected from the group consisting of 

hydrogen, alkyl, and aryl; R14, R14’, R15, R16, and R16’ are independently selected from the 20 

group consisting of hydrogen, alkyl, aryl, and silyl; and M is a metal selected from Groups 

7–10 of the periodic table or is copper. In another aspect, there is provided a metal 

complex 
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of Formula ID:  (ID), wherein R1, R2, R2’, and R3 are independently 

selected from the group consisting of alkyl and aryl; R14, R14’, R15, R16, and R16’ are 

independently selected from the group consisting of hydrogen, alkyl, aryl, and silyl; and M 

is a metal selected from Groups 7–10 of the periodic table or is copper.  

[0026]       In some embodiments of the metal complex of Formula ID, M is selected 5 

from the group consisting of manganese, cobalt, nickel, and copper.  In particular 

embodiments, M is manganese.
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[0027]       In some embodiments of the metal complex of Formula ID, R1, R2, R2’, and 

R3 are independently selected from the group consisting of hydrogen, C1–C4-alkyl, C6–

C10-aryl; and R14, R14’, R15, R16, and R16’ are independently selected from the group 

consisting of hydrogen, C1–C4-alkyl, C6–C10-aryl, and tri(C1–C4-alkyl)silyl.  In particular 

embodiments, R1, R2, R2’, and R3 are independently selected from the group consisting of 5 

hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl; and 

R14, R14’, R15, R16, and R16’ are independently selected from the group consisting of 

hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, phenyl, and 

trimethylsilyl.  

[0028]       In some embodiments of the metal complex of Formula ID, R2 and R2’ are 10 

each methyl. 

[0029]       In another aspect, a solvate of any one of the metal complexes of Formulas 

I, IA, IB, IC, or ID is provided.  In some embodiments, the solvate includes a solvent 

coordinated (ligated) to the metal center of the metal complex.  In some embodiments, the 

solvate is an ether solvate, an amine solvate or a hydrocarbon solvate.   15 

[0030]       Other embodiments of the present technology pertain to methods of making 

the metal complexes described herein—including those of Formulas I, IA, IB, IC, or ID, 

methods of making intermediates to such metal complexes, and vapor phase deposition 

methods employing such metal complexes as precursor materials as to provide metal-

containing films.  In an aspect, there is provided a method for forming a  metal-containing 20 

film by a vapor deposition process, the method comprising vaporizing at least one metal 

complex corresponding in structure to Formula I:  (I), wherein R1  and R3 

are independently selected from the group consisting of hydrogen, alkyl and aryl;R2 and 

R2’are independently selected from the group consisting of alkyl and aryl; M is a metal 

selected from Groups 7–10 of the periodic table or is copper; and L is least one ligand 25 

selected from the group consisting of a diazabutadiene ligand, an amidinate ligand, and an 

allyl ligand.  In yet another aspect, there is provided a method for forming a  metal-

containing film by a vapor deposition process, the method comprising vaporizing at least 

one metal complex corresponding in structure to Formula IA: 
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 (IA), wherein R1, R3, R4, R5, R6 and R6’ are independently selected from 

the group consisting of hydrogen, alkyl and aryl; R2 and R2’are independently selected 

from the group consisting of alkyl and aryl; and M is a metal selected from Groups 7–10 

of the periodic table or is copper.  In still another aspect, there is provided a method for 

forming a  metal-containing film by a vapor deposition process, the method comprising 5 

vaporizing at least one metal complex corresponding in structure to Formula IB: 

 (IB), wherein R1, R2, R2’, R3, R7, R8, R9, and R10 are independently 

selected from the group consisting of hydrogen, alkyl, and aryl; and M is a metal selected 

from Groups 7–10 of the periodic table or is copper.  In a further aspect, there is provided 

a method for forming a metal-containing film by a vapor deposition process, the method 10 

comprising vaporizing the at least one metal complex corresponding in structure to the 

formula of the fourth aspect.  In yet a further aspect, there is provided a method for 

forming a  metal-containing film by a vapor deposition process, the method comprising 

vaporizing at least one metal complex corresponding in structure to Formula ID: 

 (ID), wherein R1, R2, R2’, and R3 are independently selected from the 15 

group consisting of hydrogen, alkyl and aryl; R14, R14’, R15, R16, and R16’ are 

independently selected from the group consisting of hydrogen, alkyl, aryl, and silyl; and M 

is a metal selected from Groups 7–10 of the periodic table or is copper. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0031]       Fig. 1 illustrates various embodiments of metal complexes of Formula I, 

where M is a metal selected from Groups 7–10 of the periodic table or is copper. 

[0032]       Fig. 2 illustrates various embodiments of ligands, L, which may be bonded 

to any one of the metal complexes of Formula I illustrated in Fig. 1, in any combination.    5 

DETAILED DESCRIPTION 

[0033]       Before describing several exemplary embodiments of the present 

technology, it is to be understood that the technology is not limited to the details of 
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Claims 

1. A metal complex of Formula I: 

 

(I) 

wherein 5 

R1, R2, R2’, and R3 are independently selected from the group consisting of alkyl 

and aryl;  

M is selected from the group consisting of manganese, cobalt, nickel, and copper; 

and  

L is at least one ligand selected from the group consisting of a diazabutadiene 10 

ligand, an amidinate ligand, and an allyl ligand. 

 

2. The metal complex of claim 1, wherein R1, R2, R2’, and R3 are independently 

selected from the group consisting of C1–C4-alkyl and C6–C10-aryl. 

3. The metal complex of claims 1 or 2, wherein R1, R2, R2’, and R3 are independently 15 

selected from the group consisting of methyl, ethyl, propyl, isopropyl, butyl, sec-

butyl, tert-butyl, and phenyl. 

4. The metal complex of any one of the preceding claims, wherein R2 and R2’ are 

each methyl. 

5. The metal complex of any one of the preceding claims, wherein L comprises at 20 

least one monodentate or bidentate ligand. 

6. The metal complex of any one of the preceding claims, wherein L comprises an 

�
3
-allyl ligand. 

 

 25 
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7. A metal complex of Formula IB: 
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(IB) 

 wherein  

R1, R2, R2’ and R3 are independently selected from the group consisting of alkyl 

and aryl; 5 

R7, R8, R9, and R10 are independently selected from the group consisting of 

hydrogen, alkyl, and aryl; and 

M is a metal selected from Groups 7–10 of the periodic table or is copper. 

8. The metal complex of claim 7, wherein M is selected from the group consisting of 

manganese, cobalt, nickel, and copper. 10 

9. The metal complex of claim 7 or claim 8, wherein R1, R2, R2’ and R3 are 

independently selected from the group consisting of C1–C4-alkyl and C6–C10-aryl; 

and R7, R8, R9, and R10 are independently selected from the group consisting of 

hydrogen, C1–C4-alkyl, and C6–C10-aryl. 

10. The metal complex of any one of claims 7-9, wherein R1, R2, R2’ and R3 are 15 

independently selected from the group consisting of methyl, ethyl, propyl, 

isopropyl, butyl, sec-butyl, tert-butyl, and phenyl; and R7, R8, R9, and R10 are 

independently selected from the group consisting of hydrogen, methyl, ethyl, 

propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl. 

11. The metal complex of any one of claims 7-10, wherein R2 and R2’ are each 20 

methyl. 

12. The metal complex of any one of claims 7-11, wherein R8 and R9 are each 

hydrogen. 

13. A metal complex of Formula IC: 
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(IC) 

wherein 

R1, R2, R2’, R3, R11, R12, and R13 are independently selected from the group 

consisting of hydrogen, alkyl, and aryl; and 5 

M is a metal selected from Groups 7–10 of the periodic table or is copper. 

14. The metal complex of claim 13, wherein M is selected from the group consisting 

of manganese, cobalt, nickel, and copper. 

15. The metal complex of claim 13 or claim 14, wherein R1, R2, R2’, R3, R11, R12, and 

R13 are independently selected from the group consisting of hydrogen, C1–C4-10 

alkyl and C6–C10-aryl. 

16. The metal complex of any one of claims 13-15, wherein R1, R2, R2’, R3, R11, R12, 

and R13 are independently selected from the group consisting of hydrogen, methyl, 

ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl.  

17. The metal complex of any one of claims 13-16, wherein R2 and R2’ are each 15 

methyl. 

18.  A metal complex of Formula ID: 

 

(ID) 
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wherein 

R1, R2, R2’, and R3 are independently selected from the group consisting of alkyl 

and aryl;  

R14, R14’, R15, R16, and R16’ are independently selected from the group consisting of 

hydrogen, alkyl, aryl, and silyl; and 5 

M is a metal selected from Groups 7–10 of the periodic table or is copper. 

19. The metal complex of claim 18, wherein M is selected from the group consisting 

of manganese, cobalt, nickel, and copper. 

20. The metal complex of claim 18 or claim 19, wherein  

R1, R2, R2’, and R3 are independently selected from the group consisting of C1–C4-10 

alkyl and C6–C10-aryl; and  

R14, R14’, R15, R16, and R16’ are independently selected from the group consisting 

of hydrogen, C1–C4-alkyl, C6–C10-aryl, and tri(C1–C4-alkyl)silyl. 

21. The metal complex of any one of claims 18-20, wherein  

R1, R2, R2’ and R3 are independently selected from the group consisting of methyl, 15 

ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl; and  

R14, R14’, R15, R16, and R16’ are independently selected from the group consisting 

of hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, phenyl, 

and trimethylsilyl.  

22. The metal complex of any one of claims 18-21, wherein R2 and R2’ are each 20 

methyl. 

23. A solvate of any one of the preceding claims. 

24. The solvate of claim 23, wherein the solvate is an ether solvate, an amine solvate, 

or an aromatic hydrocarbon solvate. 

 25 
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25. A method for forming a  metal-containing film by a vapor deposition process, the 

method comprising vaporizing at least one metal complex corresponding in 

structure to Formula I: 

 

(I) 5 

wherein 

R1 and R3 are independently selected from the group consisting of hydrogen, alkyl 

and aryl;  

R2 and R2’ are independently selected from the group consisting of alkyl and aryl; 

M is a metal selected from Groups 7–10 of the periodic table or is copper; and  10 

L is at least one ligand selected from the group consisting of a diazabutadiene 

ligand, an amidinate ligand, and an allyl ligand. 

26. The method of claim 25, wherein M is selected from the group consisting of 

manganese, cobalt, nickel, and copper. 

27. The method of claim 25 or claim 26, wherein R1 and R3 are independently 15 

selected from the group consisting of hydrogen, C1–C4-alkyl and C6–C10-aryl; and 

R2 and R2’ are independently selected from the group consisting of C1–C4-alkyl 

and C6–C10-aryl. 

28. The method of any one of claims 25-27, wherein R1 and R3 are independently 

selected from the group consisting of hydrogen, methyl, ethyl, propyl, isopropyl, 20 

butyl, sec-butyl, tert-butyl, and phenyl; and R2 and R2’ are independently selected 

from the group consisting of methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, 

tert-butyl, and phenyl. 

29. The method of any one of claims 25-28, wherein R2 and R2’ are each methyl. 

30. The method of any one of claims 25-29, wherein L comprises at least one 25 

monodentate or bidentate ligand. 
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31. The method of any one of claims 25-30, wherein L comprises an �
3
-allyl ligand. 
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32. A method for forming a  metal-containing film by a vapor deposition process, the 

method comprising vaporizing at least one metal complex corresponding in 

structure to Formula IB: 

 

(IB) 5 

wherein 

R1, R2, R2’, R3, R7, R8, R9, and R10 are independently selected from the group 

consisting of hydrogen, alkyl, and aryl; and 

M is a metal selected from Groups 7–10 of the periodic table or is copper. 

33. The method of claim 32, wherein M is selected from the group consisting of 10 

manganese, cobalt, nickel, and copper. 

34. The method of claim 32 or claim 33, wherein R1, R2, R2’, R3, R7, R8, R9, and R10 

are independently selected from the group consisting of hydrogen, C1–C4-alkyl, 

and C6–C10-aryl. 

35. The method of any one of claims 32-34, wherein R1, R2, R2’, R3, R7, R8, R9, and 15 

R10 are independently selected from the group consisting of hydrogen, methyl, 

ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl. 

36. The method of any one of claims  32-35, wherein R2 and R2’ are each methyl. 
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37. The method of any one of claims 32-36, wherein R8 and R9 are each hydrogen. 

38. A method for forming a metal-containing film by a vapor deposition process, the 

method comprising vaporizing the at least one metal complex corresponding in 

structure to any one of claims 13-17. 

39. A method for forming a  metal-containing film by a vapor deposition process, the 5 

method comprising vaporizing at least one metal complex corresponding in 

structure to Formula ID: 

 

(ID) 

wherein 10 

R1, R2, R2’, and R3 are independently selected from the group consisting of 

hydrogen, alkyl and aryl;  

R14, R14’, R15, R16, and R16’ are independently selected from the group consisting of 

hydrogen, alkyl, aryl, and silyl; and 

M is a metal selected from Groups 7–10 of the periodic table or is copper. 15 

40. The method of claim 39, wherein M is selected from the group consisting of 

manganese, cobalt, nickel, and copper. 

41. The method of claim 39 or claim 40, wherein  

R1, R2, R2’, and R3 are independently selected from the group consisting of 

hydrogen, C1–C4-alkyl and C6–C10-aryl; and 20 

R14, R14’, R15, R16, and R16’ are independently selected from the group consisting of 

hydrogen, C1–C4-alkyl, C6–C10-aryl, and tri(C1–C4-alkyl)silyl. 

42. The method of any one of claims 39-41, wherein  
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R1, R2, R2’ and R3 are independently selected from the group consisting of 

hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl; 

and  

R14, R14’, R15, R16, and R16’ are independently selected from the group consisting of 

hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, phenyl, and 5 

trimethylsilyl.  

43. The method any one of claims 39-42, wherein R2 and R2’ are each methyl. 

44. The method of any one of claims 25-43, wherein the vapor deposition process is 

chemical vapor deposition. 

45. The method of claim 44, wherein the chemical vapor deposition is pulsed 10 

chemical vapor deposition or continuous flow chemical vapor deposition. 

46. The method of claim 44, wherein the chemical vapor deposition is liquid injection 

chemical vapor deposition. 

47. The method of any one of claims 25-43, wherein the vapor deposition process is 

atomic layer deposition. 15 

48. The method of claim 47, wherein the atomic layer deposition is liquid injection 

atomic layer deposition or plasma-enhanced atomic layer deposition. 

49. The method of any one of claims 25-48, wherein the at least one metal complex is 

delivered to a substrate in pulses alternating with pulses of an oxygen source to 

form a metal oxide film. 20 

50. The method of claim 49, wherein the oxygen source is selected from the group 

consisting of H2O, air, O2, and ozone. 

51. The method of any one of claims 25-50, further comprising vaporizing at least one 

co-reactant selected from the group consisting of hydrogen, hydrogen plasma, 

oxygen, air, water, ammonia, a hydrazine, a borane, a silane, ozone and a 25 

combination of thereof. 

52. The method of any one of claims 25-48, further comprising vaporizing a 

hydrazine as a co-reactant. 
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53. The method of claim 52, wherein the hydrazine is hydrazine (N2H4) or N,N-

dimethylhydrazine. 

54. The method of any one of claims 25-53, wherein the method is used for a DRAM 

or CMOS application.  

 5 

 


