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Mo6va6on	
  
Diamond	
  is	
  useful	
  for	
  high-­‐power	
  /	
  high-­‐temperature	
  electronics,	
  

…	
  but	
  you	
  need	
  both	
  p-­‐type	
  &	
  n-­‐type	
  for	
  many	
  applica6ons.	
  

Shallow	
  impuri6es	
  are	
  a	
  challenging	
  computa6onal	
  problem,	
  

Bs	
   Ps?	
  
[“The	
  New	
  Diamond	
  Age?”,	
  Paul	
  W.	
  May,	
  Science	
  319,	
  1490	
  (2008)]	
  

effec6ve	
  Bohr	
  radius	
  
	
  

la`ce	
  constant	
  
(=	
  4.4	
  in	
  Si)	
  =	
  1.8	
  in	
  diamond	
  

[B.	
  J.	
  Baliga,	
  IEEE	
  Electron	
  	
  
	
  Device	
  Lec.	
  10,	
  455	
  (1989)]	
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semiconductor	
  figures	
  of	
  merit	
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Effec6ve	
  mass	
  model	
  

+	
  anisotropy	
  +	
  mul6-­‐band	
  +	
  mul6-­‐valley	
  +	
  non-­‐quadra6c	
  dispersion	
  +	
  central-­‐cell	
  +	
  …	
  

(Hartree	
  atomic	
  units)	
  

R =
✏

m⇤

| (r)|2 / e�2r/R

In	
  Si,	
  
	
  	
  	
  	
  	
  	
  R	
  =	
  24	
  Å	
  
	
  	
  	
  	
  	
  	
  Δ	
  =	
  0.025	
  eV	
  
Δ(Ps)	
  =	
  0.045	
  eV	
  

In	
  diamond,	
  
	
  	
  	
  	
  	
  	
  R	
  =	
  6.3	
  Å	
  
	
  	
  	
  	
  	
  	
  Δ	
  =	
  0.20	
  eV	
  
Δ(Ps)	
  =	
  0.61	
  eV	
  

effec6ve	
  mass	
  modeling	
  @	
  Sandia:	
   W37.00008	
   W37.00009	
   W37.00010	
   (Thursday)	
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Shallow	
  donor	
  proposals	
  

Key	
  ques0ons:	
  	
  Is	
  it	
  shallow?	
  	
  &	
  	
  Can	
  we	
  make	
  it?	
  

Idealized	
  donor	
  (alchemy)	
  

Lii	
  
Monoatomic	
  donors	
  (strained)	
  

High	
  natural	
  abundance	
  of	
  N	
  in	
  diamond!	
  

Donor	
  complexes	
  (complicated	
  defect	
  chemistry)	
  

XHn	
  

(⅘C+⅕N)5	
   Ps	
  

N	
   BN2	
   BeN3	
   LiN4	
   Li(NH3)4	
  or	
  

metallic	
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Methodology	
  (ideal)	
  

a	
  big	
  box	
   &	
   a	
  good	
  func6onal	
  
R

box

R Rdefect>�
R

box

Rdefect

R

Primary	
  DFT	
  observables:	
  

rela6ve	
  energe6cs	
  
sufficiently	
  accurate	
  
&	
  free	
  of	
  pathologies	
  

Simple	
  donor	
  level	
  recipe:	
  

EN±1 � EN

⇢N±1(r)� ⇢N (r)

� =[EN+1 � EN ]pristine

+ [EN�1 � EN ]defect
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Band	
  gap	
  problems	
  

Kohn-­‐Sham	
  
energy	
  levels	
  

quasipar6cle	
  
energy	
  levels	
  vs.	
  

E	
  

EVBE	
  

ECBE	
  
Shallow	
  donor	
  levels	
  

Deep	
  levels	
  
Shallow	
  acceptor	
  levels	
  

Semilocal	
  DFT	
  func6onals	
  
underes6mate	
  band	
  gaps:	
  

Systema6c	
  errors	
  typically	
  preserve	
  
rela6ve	
  energies	
  between	
  like	
  defects.	
  

E	
  

shallow+deep	
  
hybridiza6on?	
  

ECBE � EVBE ⇡
[EN+1 � 2EN + EN�1]pristine

silver	
  lining?	
  reliable?	
  predic6ve?	
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Methodology	
  (marker)	
  
[A.	
  Resende	
  et	
  al.,	
  Phys.	
  Rev.	
  Lec.	
  82,	
  2111	
  (1999)]	
  

same	
  simula6on	
  condi6ons	
  
same	
  material	
  environment	
  
same	
  defect	
  type	
  
same	
  charge	
  state	
  

fit	
  to	
  experiment	
  

Limited	
  applicability:	
  

More	
  sophis6cated	
  methods	
  (e.g.	
  Makov-­‐Payne,	
  local	
  moment	
  counter-­‐charge)	
  
separate	
  band	
  alignment	
  and	
  electrosta6c	
  correc6ons	
  for	
  defects	
  with	
  charge	
  Q.	
  

� / Q � / Q2

Kohn-­‐Sham	
  reference	
  
empirical	
  reference	
  

…	
  

Jellium	
  counter-­‐charge	
  &	
  charge-­‐in-­‐Jellium	
  model	
  
Gaussian	
  counter-­‐charge	
  &	
  dielectric	
  cavity	
  model	
  

…	
  

�i = �0 � [EN�1 � EN ]defect 0 + [EN�1 � EN ]defect i
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Self-­‐interac6on	
  problems	
  

Where	
  is	
  the	
  donor	
  electron?	
  

PBE-­‐ε	
  func6onal	
  
PBE	
  func6onal	
  

effec6ve	
  mass	
  model	
  
uniform	
  charge	
  model	
  

8	
  

Defect-­‐centered	
  Wigner-­‐Seitz	
  cell	
  of	
  83	
  supercell,	
  barely	
  resolving	
  individual	
  donors	
  

For	
  shallow	
  donors,	
  large	
  Rbox,	
  and	
  semilocal	
  DFT,	
  indica6ons	
  of	
  

⇢LiN4(r)� ⇢VN4(r)

� = [EN+1 � EN ]pristine + [EN�1 � EN ]defect ⇡ 0

No	
  asympto6c	
  donor	
  binding!	
  

PBE	
  donor	
  poten6al	
  
−1/εr	
  poten6al	
  tail	
  



Methodology	
  (PBE-­‐ε)	
  

� = [EN+1 � EN ]pristine + [E+
N�1 � E+

N ]defect + [E+
N � E0

N ]defect

1.	
  PBE0	
  with	
  hybrid	
  frac6on	
  1/ε	
  decently	
  approximates	
  quasipar6cle	
  energies	
  

[M.	
  A.	
  L.	
  Marques	
  et	
  al.,	
  Phys.	
  Rev.	
  B	
  83,	
  035119	
  (2011)]	
  

0.18	
  in	
  PBE-­‐ε	
  vs.	
  0.25	
  in	
  PBE0	
  for	
  diamond	
  	
  

2.	
  Separate	
  adiaba6c	
  excita6ons	
  into	
  ver6cal	
  excita6ons	
  and	
  relaxa6ons:	
  	
  

3.	
  Finite-­‐size	
  correc6ons	
  with	
  defect	
  band	
  dispersion	
  model	
  (Wannier-­‐inspired)	
  

Why	
  should	
  this	
  work?	
  Good	
  asympto6c	
  behavior:	
  	
  

Iden6fy	
  PBE-­‐ε	
  Kohn-­‐Sham	
  energy	
  levels	
   Total	
  energy	
  calcula6ons	
  

[M.	
  Hedström	
  et	
  al.,	
  Phys.	
  Rev.	
  Lec.	
  97,	
  226401	
  (2006)]	
  

 
donor

(r) sees	
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Numerical	
  results	
  

necessary to extract an accurate activation energy. We
use a tight-binding ansatz and a range of supercells from
5! 5! 5 to 8! 8! 8 for extrapolation, which is de-
scribed in detail in the Supplemental Material [17].

Theoretical activation energies are listed in Table I along-
side known experimental values. The PBE-! quasiparticle
approach is compared to the semi-empirical marker method
[20], which calculates activation energies relative to an
experimental ‘‘marker’’ impurity using PBE total energy
differences. The marker method predicts larger activation
energies than PBE-!. These deviations grow with decreas-
ing activation energy and become as large as the value we
are attempting to predict. This can be explained by deloc-
alization errors in PBE that are reduced in PBE-! with the
addition of Fock exchange [15]. Therefore, PBE-! should be
more reliable than the marker method as a predictor of
activation energies over a wider energy range. Doubling
the extrapolation variance provides a wide enough confi-
dence interval for the PBE-! predictions to be consistent
with all experiments. LiN4 is shallower than the artificial
shallow donor CN

5 and an activation energy of 0:27"
0:06 eV is consistent with the hydrogenic impurity model.
We conclude that LiN4 is a shallow donor.

Having confirmed the viability ofLiN4 as a shallow donor
in diamond, we now consider three synthesis paths. The first
path is the diffusion of lithium into diamond [24] with a high
concentration of B centers (VN4). The second path is high-
pressure, high-temperature (HPHT) diamond synthesis [25]
in the presence of lithium and nitrogen. The third path is
CVD diamond synthesis with the LiN4 impurity preformed
in a seed material [26] or deposited molecule [27].

Nitrogen incorporates substitutionally into diamond,
found as an isolated center, a dimer, or clustered around
a vacancy, VNm [6]. High-temperature treatment causes

vacancies to become mobile and cluster with nitrogen to
form mobile VNm complexes. Theoretical studies of Li
diffusion in N-free diamond [28] predict the interstitial
(Lii) to be a mobile donor that is strongly trapped by
vacancies. The natural extension to N-rich diamond is a
general trapping process, Lii þ VNm ! LiNm, which we
calculate to bind at 6.88, 7.24, 8.04, 8.37, and 6.08 eV for
m ¼ 0; . . . ; 4. All sites trap strongly, but VN4 is preferred
least by Lii. The LiNm defect sequence has a regular trend
of activity from triple acceptor (m ¼ 0) to single donor
(m ¼ 4). Assuming all vacancies will be filled with lithium
and the only acceptors are Li, LiN, and LiN2, then the
defect concentrations nðXÞ must satisfy the inequality

nðLiN4Þ> 3nðLiÞ þ 2nðLiNÞ þ nðLiN2Þ (6)

to prevent all LiN4 from being passivated. Therefore,
lithium diffusion into a diamond sample is only likely to
succeed in producing active LiN4 if the average number of
nitrogens around each vacancy in the prelithiated sample is
greater than 3.
HPHT synthesis of LiN4 at a detectable concentration

requires sufficient thermodynamic stability of the complex
at an accessible pressure and temperature. At zero
temperature, we have found two pairwise decomposition
processes that passivate shallow donor activity,

2LiN4 ! ðLiN4Þ2 (7a)

2LiN4 þ V ! LiN3 þ LiVN5: (7b)

The first reaction produces a LiN4 dimer with neighboring
nitrogens that break the N-N bond, which only lowers
enthalpy below 530 GPa. The second reaction exchanges
a nitrogen and binds an additional vacancy to the N-rich
complex, which produces an octahedrally coordinated Li
surrounded by CN5. Assuming a zero chemical potential
for V, this process lowers enthalpy at all tested pressures
(up to 700 GPa) and has a minimum enthalpy reduction of
2.47 eVat 210 GPa. As a result of the process in Eq. (7b), it
is unlikely that LiN4 can be synthesized in HPHT or any
other conditions that enable LiN4 and V to become mobile
and interact with each other.
Formation of the LiN4 complex in a CVD process from

separate lithium and nitrogen sources is likely to be a rare
event because it involves a coincidence of five atoms, each
with a presumably low concentration. This problem can be
avoided by preforming the complex within a precursor
molecule. A suitable LiN4 precursor should be small to
enhance volatility and simplify synthesis, closely conform
to the diamond lattice it is to be incorporated into, and exist
as a well-defined lithium-free molecule that strongly binds
a lithium atom or ion. Diamondoids [29] satisfy the second
constraint and many chelants [30] satisfy the third con-
straint, but we propose a new analog of cyclododecane
(Fig. 2) that satisfies all three constraints (with IUPAC

TABLE I. Donor and acceptor activation energies calculated
with both the marker method [20] and PBE-! quasiparticles,
compared to experiment. PBE-! results are separated into re-
laxation and ionization contributions, !PBE'! ¼ !ionize þ!relax,
as in Eqs. (1) and (2). "!ionize is the RMS variance of extrapo-
lation [17]. All energies are in units of eV.

Defect !exp !marker !PBE'! !ionize "!ionize !relax

CN
5 ( ( ( 0.45 0.31 0.31 0.03 0.00

LiN4 ( ( ( 0.48 0.27 0.27 0.03 0.00
BeN3

a ( ( ( 0.56 0.40 0.39 0.04 0.01
P 0.61 0.61b 0.56 0.54 0.02 0.02
BeN3 ( ( ( 0.78 0.62 0.39 0.04 0.23
BN2

a ( ( ( 0.88 0.77 0.50 0.03 0.27
BN2 ( ( ( 1.30 1.19 0.50 0.03 0.69
N 1.7 1.67 1.71 0.86 0.04 0.85

CB
5 ( ( ( 0.31 0.30 0.30 0.01 0.00

B 0.37 0.37b 0.31 0.31 0.03 0.00

aMetastable structures.
bExperimental markers.

PRL 108, 226404 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
1 JUNE 2012

226404-3
VASP	
  calcula6on	
  details:	
  PBE	
  total	
  energies	
  w/	
  63	
  supercell	
  &	
  23	
  BZ	
  sampling	
  

	
   	
   	
   	
   	
  	
  PBE-­‐ε	
  energy	
  level	
  extrapola6on	
  w/	
  53,	
  63,	
  73,	
  &	
  83	
  supercells	
  
	
   	
   	
   	
   	
   	
  &	
  simple	
  model	
  of	
  inter-­‐donor	
  hopping	
  decay	
  

Marker	
  results	
  look	
  reasonable	
  even	
  with	
  underlying	
  asympto6c	
  problems.	
  

donors	
  

acceptors	
  

≈0.20	
  eV	
  

≈0.45	
  eV	
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Synthesis?	
  (equilibrium)	
  
Thermodynamic	
  stability	
  tests:	
  

1.	
  Enumerate	
  compe6ng	
  defect	
  structures:	
  

2.	
  Search	
  for	
  destabilizing	
  reac6ons:	
  

3.	
  (if	
  we	
  haven’t	
  failed)	
  Calculate	
  equilibrium	
  distribu6on	
  
	
  of	
  defect	
  /	
  donor	
  popula6ons	
  vs.	
  composi6on	
  /	
  P	
  /	
  T	
  

2	
  LiN4	
  +	
  V	
   LiN3	
  +	
  LiVN5	
   (favored	
  by	
  >2.5	
  eV)	
  

LiN4	
   LiN3	
   LiVN5	
  V	
  

e−	
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Synthesis?	
  (nonequilibrium)	
  
1.	
  CVD-­‐grown	
  materials	
  can	
  retain	
  precursor	
  structure:	
  

2.	
  LiN4	
  can	
  be	
  synthesized	
  within	
  an	
  organic	
  molecule:	
  

[Kouvetakis	
  et	
  al.,	
  Chem.	
  Mater.	
  6,	
  811	
  (1994)]	
  

Chem. Mater. 1994,6,811-814 811 

Novel Synthetic Routes to Carbon-Nitrogen Thin Films 
J. Kouvetakis,' Ani1 Bandari, Michael Todd, and Barry Wilkens 

Department of Chemistry and Biochemistry, Arizona State University, Tempe, Arizona 85287 

Nigel Cave 
Motorola Inc., Materials Characterization Laboratory, 2200 West Broadway Road, 

Mesa, Arizona, 85202 

Received January 24, 1994. Revised Manuscript Received March 18, 1994" 

New unimolecular carbon-nitride precursors such as C3N3FzN(SiMe3)2 and C3N&l~N(SiMe3)2 
were synthesized and used to  deposit thin films of composition C ~ N ~ - C ~ . Z N ~ ,  the highest nitrogen 
content observed in C-N solids. The  films were formed by the thermal decomposition of the 
precursors via elimination of SiMe3F and SiMeaCl at 400-500 OC. Film thicknesses between 
1200 and 4000 A were deposited on (100) Si, graphite, beryllium, and SiOz, and were extensively 
characterized for composition and chemical purity using RBS, energy-dispersive X-ray analysis, 
and SIMS. The  material was amorphous as indicated by X-ray diffraction. IR, EELS, and 13C 
NMR reveal substantial sp2 hybridization in both the carbon and the nitrogen. This material 
should be an  excellent precursor for the high-pressure synthesis of C3N4, the highly sought 
structural and compositional analog of Si3N4. 

Introduction 
The possibility of an ultrahard carbon nitride phase 

with composition C3N4 that exceeds the hardness of cubic 
BN and diamond has been of considerable interest in recent 
years. I t  has been suggested that a tetrahedral carbon 
nitride will have a bulk modulus significantly larger than 
diam0nd.l Previous attempts to prepare cubic C3N4 
include high-pressure thermal decomposition of C-H-N 
 precursor^,^,^ ion and vapor deposition (IVD) of nitrogen 
ions and carbon vapor: plasma decomposition of methane 
and N2,5 shock-wave compression of organic molecules,6 
and sputtering  experiment^.^-^ More recently, hard 
carbon-nitrogen materials containing 60% C and 40% N 
have been deposited by pulsed laser ablation of graphite 
in combination with an atomic nitrogen source.10 Un- 
fortunately all these methods resulted in materials with 
bulk nitrogen contents much lower than the expected 57 
at. % for C3N4. 

The high-pressure synthesis of diamond and cubic boron 
nitride normally utilizes graphitic carbon and hexagonal 
BN as precursors. A corresponding layered carbon nitride 
of stoichiometry C3N4 should therefore be an ideal 
precursor for the high-pressure synthesis of a three- 
dimensional carbon nitride. Our research has been 
directed toward the preparation of low-dimensional non- 

@ Abstract published in Advance ACS Abstracts, April 15, 1994. 
(1) Cohen, M. L. Phys. Reu. B 1986,32,7988. 
(2) Maya, L.; Cole, D. R.; Hagaman, E. W. J.  Am. Ceram. SOC. 1991, 

74. 1686-88. 
(3) Sekine, T.; Kanda, H.; Bando, Y.; Yokoyama, M.; Hojou, K. J.  

Mater. Sci. Lett .  1990, 16, 1376-1378. 
(4) Chubaci, J. F. D.; Sakai, T.; Yamamoto, T.; Ogata, K.; Ebe, A.; 

Fujimoto, F. Nucl. Instrum. Methods Phys. res., Sect. B 1993, B80-81 
(pt. l), 463-6. 
(5) Han, H.-X.; Feldman, B. J. Solid State Commun. 1988,65, 921. 
(6) Wixom, Michael R. J. Am. Ceram. SOC. 1990, 73, 1973-78. 
(7) Cuomo, J. J.; Leary, P. A.; Reuter, W.; Yu, D.; Frisch, M. J. Vac 

(8) Cheng, Y. M.; Lin, X.; Dravid, V. P.; Chung, Y. W.; Wong, M. S.; 

(9) Haller, Eugene E.; Cohen, Marvin: Hansen, William L. US Patent 

Sci. Technol. 1979,16, 299-302. 
Sproul, W. D. Surf. Coating Technol. 1992,54/55,360-364. 
5,110,679, 1992. 

(10) Niu, C.; Lu, Y. Z.; Lieber, C. M. Science 1993,261, 334. 

hydrogen-containing carbon-nitrogen solids of composi- 
tion C3N4 to use as precursors for the high-pressure 
synthesis of tetrahedral carbon nitride. We have developed 
novel chemical vapor deposition methods for depositing 
sp2 carbon nitrides with an average composition cor- 
responding to nearly stoichiometric C3N4. The carbon 
content in our films ranges reproducibly from 43-45 % 
and the nitrogen content ranges from 55 to 57 % , the 
highest observed in C-N solids. The synthetic route to 
these materials involves deposition temperatures of 400- 
500 "C and the use of inorganic, unimolecular precursors 
which incorporate the correct stoichiometry. To keep the 
deposition temperature low, it is important that the carbon 
and nitrogen atoms of the precursors do not contain any 
strong CH and NH bonds. Examples of precursors 
possessing the correct stoichiometry and lacking NH and 
CH bonds (except for the trimethylsilyl leaving groups) 
are C3N3FzN(SiMe32 (1) and C3N3Cl~N(SiMe3)2 (2). In 
this paper we report the syntheses of 1 and 2, and we 
describe their decomposition via elimination of SiMe3F 
and SiMeaCl (reaction 1)to form carbon-nitrogen solids 

X 

X 
X = F, CI; Me = CH3 

of composition C3N4. A crystalline C3N4 in which both 
the carbon atoms and the nitrogen atoms are 3-fold 
coordinated and form dense layers like the carbon atoms 
in graphite is not possible for symmetry reasons. We 
propose a model layered structure for which the (CN)3N 
framework of molecules 1 and 2 is both the compositional 
and structural building block. In this structure the layers 
are not as dense as in graphite, but contain periodic holes. 
Furthermore, they have two types of nitrogen atoms: two- 
thirds are two-fold coordinated and one-third is three- 
fold coordinated (Figure 1). We envisioned the synthesis 
of 1 and 2 with this structure in mind. 

0897-475619412806-0811$04.5010 0 1994 American Chemical Society 
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Figure 1. Model layered structure of CaN,. The synthesis of 
precursors 1 and 2 waa developed with this structure in mind. 

Results and Discussion 

Precursor Synthesis. We prepared 1 by the reaction 
of 2,4,6-trifluoro-l,3,5-triazine with lithium bis(trimeth- 
ylsily1)amide in 40% yield. Compound 1 is a colorless, 
air-stable, and fairly volatile liquid (bp 65 "C a t  2 Torr). 
The 13C spectrum in deuteriochloroform shows the ex- 
pected resonances corresponding to the ring carbons and 
the methyl carbons of the trimethylsilylgroups. The FTIR 
spectrum reveals the characteristic C-H stretches of the 
trimethylsilyl group a t  2966-2905 cm-l and the strong 
absorptions of the aromatic ring a t  1500-1632 cm-l. Mass 
spectroscopic analysis indicates the molecular ion minus 
CH3 as the most intense peak a t  mle = 261 and a 
fragmentation pattern which is consistent with the mono- 
substituted ring structure. 

We also prepared compound 2 by the reaction of 2,4,6- 
trichloro-l,3,5-triazine with bis(trimethylsi1yl)amide as a 
colorless, air-stable liquid (bp 67 "C a t  0.1 Torr) in 75% 
yield. The compound was characterized by FTIR, NMR, 
GC/MS, and elemental analysis. The spectroscopic data 
and elemental analyses, presented in the Experimental 
Section, are consistent with the monosubstituted ring 
structure. 

Film Deposition. Compound 1 was decomposed in a 
low-pressure reactor a t  temperatures as low as 350 "C to 
give thin films. Most depositions, however, were carried 
out a t  450-500 "C due to low growth rate below 450 "C. 
Typical run times were 1-2 h, resulting in films 1200-4000 
A thick. All films adhered well to silicon, Si02, HOPG 
(highly oriented pyrolytic graphite), and beryllium sub- 
strates and were smooth and continuous when examined 
with optical and scanning electron microscopes. The 
mirrorlike appearance and bright coloration due to 
interference effects remarkably resembled those of alu- 
minum nitride, gallium nitride, and boron nitride thin 
films.11 

The decomposition byproducts for each deposition were 
collected in a liquid nitrogen trap and subsequently 
examined by NMR, FTIR,'2 and vapor pressure measure- 
ments. The main component of the byproduct mixture 
was identified as SiMesF and the remainder as starting 
material 1. The total mass of the mixture corresponded 
approximately to the weight loss of the precursor indicating 
no substantial loss due to noncondensibles. 

(11) This comparison is based on our observation of BN, AlN, and 

(12) Light,Von K.; Koehler,P.; Kriegsmann, H. 2. Anorg. Allg. Chem. 
GaN thin films that we have grown in the past. 

1976,415, 31-42. 

The decomposition of compound 2 was carried out in 
the same CVD reactor setup a t  temperatures of 400-450 
"C and nitrogen pressures of 0.1-0.5 Torr. Film growth 
rates and appearance were similar to those observed in 
the decomposition of 1. The byproducts of the decom- 
position reaction consisted almost exclusively of SiMesCl 
and traces of a volatile solid which was not collected in 
sufficient quantities to permit proper identification. No 
starting material 2 was collected in the cold trap. 

Film Composition. The ratio of nitrogen to carbon in 
the films was established by Rutherford backscattering 
(RBS) analysis. In addition to the carbon and nitrogen 
analyses, the experiments routinely included channeling 
through the silicon substrate to enhance the C and N 
signals, oxygen resonance reactions, and He forward 
scattering to determine levels of oxygen and hydrogen 
impurities. RBS was also used to estimate film thicknesses. 
Figure 2aillustrates a 2-MeV aligned spectrum for a 1200-A 
film resulting from the decomposition of precursor 1 and 
deposited on (100) silicon. The film contains only carbon 
and nitrogen in a ratio of 3C to 4N and an oxygen impurity 
on the order of 2-3 at. % as indicated by oxygen resonance. 
Thin films were also deposited on graphite and beryllium 
metal in order to avoid the silicon background. Rutherford 
backscattering spectra of the deposited films and energy- 
dispersive X-ray analysis (EDX) of free-standing films 
both confirmed only trace amounts of silicon and fluorine. 
Figure 2b shows the RBS spectrum of a 3000-A thin-film 
sample (on graphite) with composition C3N~Oo.3Sio.02Fo.o~. 
In most depositions, however, Si and F are not observed 
even in trace quantities. RBS and EDX analysis of films 
obtained using precursor 2 also indicated C3N4 composi- 
tions and noise levels of silicon and chlorine. 

Finally, secondary ion mass spectroscopy (SIMS) depth 
profile experiments revealed that carbon and nitrogen are 
fairly homogeneous throughout the sample. They also 
confirmed the absence of hydrogen and silicon and showed 
that the oxygen impurities are mostly concentrated on 
film surfaces. A representative SIMS profile of a carbon- 
nitrogen film in which we monitored 12C-, l80-, 3OSi-, and 
26CN- (nitrogen does not make a stable elemental negative 
ion) is presented in Figure 3. 

In conclusion, C-N materials with a carbon content 
ranging reproducibly from 43-45 at. 5% and a nitrogen 
content ranging from 55-57 at. 5% were generated from 
the decomposition of compounds 1 and 2. The absence 
of fluorine (only traces of fluorine have been observed in 
some samples), chlorine, and silicon in the films clearly 
demonstrates that the trimethylsilyl leaving groups are 
completely eliminated as TMS fluoride and TMS chloride 
as indicated in reaction 1. Although, the decomposition 
of 1 and 2 produced nearly identical compositions, 
compound 1 was used more frequently for sample prepa- 
ration because it is considerably more volatile and therefore 
more suitable for CVD experiments. 

Film Structure and Bonding. The morphologies and 
bonding characteristics of the films were studied by a 
variety of techniques. X-ray diffraction experiments 
indicated that the material is amorphous. The X-ray 
spectrum showed a broad reflection a t  d = 3.6 A. This is 
reminiscent of amorphous carbon diffraction patterns. 
Scanning electron micrographs (obtained on a IS1 440 
microscope operated at 30 keV) revealed that the C-N 
films are smooth and featureless. 

CVD	
  

How	
  crystalline	
  is	
  the	
  solid?	
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( C )  

Figure 1. (a) Conformation of bisaminal3. (b) Configuration of 2. (c) 
Proposed conformation of Li+ complex of 1. 

la ,  2 has a convex face and a concave face, so that only the two 
N lone pairs on the convex face are sterically available for al- 
kylation. ID and 2D NMR results confirmed the expected 
configuration of product 2 (Figure lb). 

Aqueous solutions of 1 are strongly basic (0.1 M 1, pH > 12.5). 
Addition of more than 2 equiv of NaOH to a 0.3 M D 2 0  solution 
of 1 resulted in phase separation of free amine, but addition of 
8 equiv of solid LiOH.H20+gave an approximately I :2 equilibrium 
mixture of 1-D+ and I-LI complex, the two species exhibiting 
separate, sharp, seven-line I3C spectra in slow exchange.I4 The 
chemical shifts of 1-D+ are identical with those observed prior 
to base addition, indicating a high degree of monoprotonation of 
1 in  water. We estimate the acid dissociation constant of 1-H+ 
(pK,,) to be greater than 13.5. Titration of aqueous 1 with DCI 
monitored by I3C NMR (single seven-line spectrum; slight dy- 
namic broadening) allowed estimation of pKa2 as 10.8 in DzO. 
For comparison, pKal and pKa2 of tetramethylcyclam are 9.70 and 
9.31, respectively.Is When a CD$N solution of 1 was titrated 
with CF3C02H, separate 13C spectra were observed for 1, 1-H+, 
and l-H?+. Competition experiments (I3C NMR) involving the 
addition of 1 equiv of CF3C02H to a 1 : l  mixture of 1 and its 
monocyclic analogue, tetramethylcyclam, and to a 1: 1 mixture 
of 1 and 1,8-bis(dimethylamino)naphthalene16 showed 1 to be 
much more basic. In  neither case was any free 1 detected. A 
similar experiment pitting 1 against 1,5-diazabicyclo[5.4.O]un- 
dec-Sene (DBU) showed 34% protonated DBU (I3C chemical 
shift interpolation: fast exchange) and 66% protonated 1 (slow 
exchange). Based on this result and the reported pK, of DBU-H+ 
in CH3CN (24.3217), the pK,, of 1-H+ can be calculated to be 
24.9. 

The X-ray crystal structure of [l-Hz2+][CF3C0,-], (4) (from 
CD3CN) has been determined (Figure 2).18 Of the IO reasonable 

(14) The identity of l-Li+ was confirmed by its appearance as the minor 
component upon titration of a D 2 0  solution of 1 with LiBr. 

( I  5 )  (a) Micheloni, M.; Sabatini, A.; Paoletti, P. J .  Chem. Soc., ferkin 
Trans. 2 1978,828-830. (b) Barefield, E. K.; Wagner, F. Inorg. Chem. 1973, 

(16) (a) Alder, R. W.; Bowman, P. S.; Steele, W. R. S.; Winterman, D. 
R. J. Chem. Soc., Chem. Commun. 1968,723-724. (b) Koppel, 1.; Koppel, 
J.; Pihl, V .  Org. React. (Tarfu) 1987, 24, 387-398. 

( I  7) Schwesinger, R. Angew. Chem., Int. Ed. Engl. 1987.26, 1164-1 165. 
(18) Crystal Data: C18H32N404F6, monoclinic P2,/c ,  a = 9.88 ( I )  A, b 

= 14.00 (6) A, c = 16.08 ( I )  A; B = 91.4 ( I ) O ,  V -  2223 A3, 2 = 4. ~ ( M o  
Ka) = 1.27 cm-', D a ~  = 1.442 g/cm3, T = 296 K, A = 0.71069 A, colorless 
prisms, 0.60 X 0.45 X 1 .O mm, Rigaku AFC6S diffractometer, data collected 
in w-28 scan mode. Of 41 12 unique reflections measured, 2592 were con- 
sidered observed (I > 3.0041)) and were used in subsequent structure 
analyses. The final discrepancy index was R = 0.047, R, = 0.059, GOF = 
2.43, maximum peak in  final difference map 0.19 e-/A3. 

12, 2435-2439. 

Figure 2. ORTEP drawing of 4 showing the 50% probability ellipsoids. 
Dotted lines indicate intramolecular H bonds. 

diamond-lattice-type conformations of 1 having two [2323] 10- 
membered rings,Ig only one is disposed for two transannular +N- 
H.-N hydrogen bonds. The experimental (approximately C,) 
dication geometry is a distortion of that conformation, having a 
syn-periplanar ( 1  2.5') rather than a syn-clinnl NI-CIS-CI6-NS 
torsion angle. 

The cleft of such a conformation is also appropriate for com- 
plexation of small metal ions. Indeed, 1 forms 1 : l  complexes with 
LiCIO, and NaBPh, in CD3CN, each of which is in slow exchange 
with excess free ligand. A (1:l:l) LiCIO,-NaBPh,-l competition 
experiment (CD3CN) gave K(Li+)/K(Na+) = 2 X lo2, in 
agreement with our expectations based upon cavity size. The 'H 
NMR spectra of these complexes (as well as that of 4) are con- 
sistent with the diamond-lattice-type ligand conformation shown 
in Figure IC. The adoption of such a conformation upon com- 
plexation20 may account for the strong, selective Li+ binding of 
1 in CD3CN and D20.  

in summary, an efficient synthesis has yielded the first 
crossed-bridged cyclam, 1, a new fast-equilibrating "proton sponge" 
tetraamine.3 1 complexes Li+ selectively, adopting a novel, 
cleft-containing, diamond-lattice coordination geometry. Inves- 
tigations of complexation of other main group and transition-metal 
ions by 1 and extension of the synthesis to additional members 
of this interesting new class of tetraamines are in progress. 
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(19) Dale, J .  In Topics in Stereochemistry; Allinger, N. L., Eliel, E. L., 
Eds.; Wiley-lnterscience: New York, 1976; Vol. 9, pp 199-270. 

(20) The 360-MHz 'H  spectrum of free 1 is significantly different from 
those of protonated and complexed 1, suggesting complexation-induced con- 
formational biasing rather than a rigid preformed cleft. The spectrum of 1 
is indicative of time-averaged 2-fold symmetry; the 1 ,&ethylene bridge exhibits 
an AA'XX' subspectrum and mutual exchange between CHI  geminal pairs 
is slow on the NMR time scale. Thus, ring inversion, which must result in 
tucking of the ethylene bridge through a 14-membered ring, is slow. Results 
of conformational analysis of free 1 by NMR and molecular mechanics will 
be further discussed in a full paper. 
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3, the amide base residue is twisted relative to the central four 
membered ring. This twist is observed in all mixed aggregates 
and in the structure of THF-solvated LDA.l3 Since this is 
consistently observed in different molecular and solid-state en- 
vironments, it is likely to be intrinsic to the coordination behavior 
of metalated secondary amides. To our knowledge, this obser- 
vation has not been predicted by theoretical work on lithium 
amidesI4 nor noted in previous structures of LHMDSI5 or 
NHMDS.I2 

Structures 1, 3. and 4 demonstrate the scope and generality 
of mixed aggregation. This phenomenon is now observed with 
three distinct types of enolates, with two different metal amide 
bases, and with two different metal cations. A complex between 
LDA and the monoanion of phenyl acetonitrile was also struc- 
turally characterized recently.16 Coupled with this structural 
information is the chemical evidence suggesting that these mixed 
aggregates maintain their integrity in s ~ l u t i o n . ~ ? ~  As these com- 
plexes are explored synthetically, they should prove extremely 
useful in controlling enolate reactivity and selectivity. Experiments 
designed to probe these points with chiral, ionic, non-covalent 
auxiliaries are in progress. 
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Polycyclic polyamines are of current interest because members 
of this class of compounds have been shown to exhibit unusual 
ba~icity,~" redox behavior: and coordination c h e m i ~ t r y . ~ . ~  Po- 

( I )  University of New Hampshire. 
(2) Keene State College. 
(3) (a) Alder, R. W. Chem. Rev. 1989.89, 1215-1223. (b) Staab, H. A. 

Anaew. Chem.. Int. Ed. Enel. 1988.27.865-879. (c) Bell. T. W.: Choi. H.-J.: 
HGte. W. J. Am. Chem. soc .  1986, 108, 7427-1428. 

(4) (a) Alder, R. W. Tetrahedron 1990,46,683-713. (b) Alder, R. W.; 
Sessions, R. B. In The Chemistry of Amino, Nitroso, and Nitro Compounds 
and Their Deriratires, Part 2; Patai, S. ,  Ed.: Wiley: New York, 1982; pp 
763-803. 
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lycyclic tertiary amines also hold promise for the synthesis of 
alkalides and electrides.' Structural modifications of the im- 
portant macrocyclic ligand cyclam ( 1,4,8,11 -tetraazacyclotetra- 
decane) involving ethylene bridging of adjacent nitrogens have 
been "Cross bridging" of cyclam (Le., bridging of 
nonadjacent nitrogens) with CH2CH2 would result in a flexible 
bicyclo[6.6.2] tetraamine that is capable of adopting conformations 
having all four nitrogen lone pairs convergent on a cleft or cavity 
for complexation of metal ions. Herein we report a rational and 
efficient synthesis of the first example of such a cross-bridged 
cyclam, 1 (4,11-dimethyl-1,4,8,11 -tetraazabicyclo[6.6.2]hexade- 
cane), and our preliminary investigations into its basicity and alkali 
ion compIexation.I0 

The synthetic route to 1" (Scheme I )  is based upon reductive 
ring cleavageI2 of dimethylated bisaminal diiodide 2,ll prepared 
in good yield by exhaustive methylation of the readily available 
bisaminal 3.13 The high regioselectivity of the bis quaternization 
of 2 is a consequence of its c~nformation. '~  As shown in Figure 

(5) (a) Micheloni, M. J. Coord. Chem. 1988,18, 3-19. (b) Micheloni, M. 
Comments Inorg. Chem. 1988, 8, 79-100. (c) Bencini, A.; Bianchi, A,; 
Borselli, A.; Ciampolini, M.; Garcia-Espana, E.; Dapporto, P.; Micheloni, M.; 
Paoli, P.; Ramirez, J .  A.; Valtancoli, B. Inorg. Chem. 1989, 28,4279-4284. 
(d) Bianchi, A.; Ciampolini, M.; Micheloni, M.; Nardi, N.; Valtancoli, B.; 
Mangani, S.; Garcia-Espana, E.; Ramirez, J. A. J .  Chem. Sot., Perkin Trans. 
2 1989, 1131-1 137. (e) Ciampolini, M.; Micheloni, M.; Vizza, F.; Zanobini, 
F.; Chimichi, S . ;  Dapporto, P. J. Chem. SOC., Dalton Trans. 1986, 505-510. 
( f )  Ciampolini, M.; Micheloni, M.; Orioli, P.; Vizza, F.; Mangani, S.; Za- 
nobini, F. Garr. Chim. Iral. 1986, 116, 189-192. 

(6) (a) Lindoy, L. F. The Chemistry of Macrocyclic Ligand Complexes; 
Cambridge University Press: New York, 1989. (b) Hancock, R. D.; Martell, 
A. E. Chem. Rev. 1989,89, 1875-1914. (c) Kimura, E. Top. Curr. Chem. 
1985, 128, 113-141. (d) Coordination Chemistry of Macrocyclic Compounds; 
Melson, G. A., Ed.; Plenum: New York, 1979. (e) Sargeson, A. M. Pure 
Appl. Chem. 1984, 56, 1603-1619. 

(7) Dye, J. L. Pure Appl. Chem. 1989, 61, 1555-1562. 
(8) (a) Wainwright, K. P. Inorg. Chem. 1980,19, 1396-1398. (b) Yam- 

amoto, H.; Maruoka, K. J .  Am. Chem. SOC. 1981, 103, 4186-4194. (c) 
Hancock, R. D.; Ngwenya, M. P.; Wade, P. W.; Boeyens, J. C. A,; Dobson, 
S. M. Inorg. Chim. Acta 1989, 164, 73-84. 

( 9 )  For related bridged ligands, see also ref 5 and the following: (a) 
Wainwright, K. P. J. Chem. Soc., Chem. Commun. 1982, 277-278. (b) 
Hancock, R. D.; Evers, A.; Ngwenya, M. P.; Wade, P. W. J. Chem. SOC., 
Chem. Commun. 1987, 1129-1 130. (c) Hancock, R. D.; Dobson, S. M.; 
Evers. A.; Wade, P. W.; Ngwenya, M. P.; Boeycns, J .  C. A,; Wainwright, K. 
P. J. Am. Chem. SOC. 1988, 110, 2788-2794. (d) Fortier, D. G.; McAuley, 
A. Inorg. Chem. 1989, 28,655-662. (e) Bembi, R.; Roy, T. G.; Jhanji, A. 
K. Transition Met. Chem. (London) 1989, 14, 463-465. 

(IO) Some of this work has been presented: Weisman, G. R.; Rogers, M. 
E.; North, S. W.; Wong, E. H. Abstracts of Papers, 199th National Meeting 
of the American Chemical Society, Boston, MA; American Chemical Society: 
Washington, DC, 1990; ORGN 21 1 .  

( 1  I )  All new compounds gave appropriate ' H  NMR, 13C NMR,  IR, and 
mass spectra and satisfactory elemental (C. H, N )  analyses. See the s u p  
plementary material. 

( I  2) Alder, R. W.; Eastment, P.; Moss, R. E.; Sessions, R. B.; Stringfellow, 
M. A. Tetrahedron Len. 1982, 23, 4181-4184. 

( I  3) Weisman, G. R.; Ho, S. C.-H.; Johnson, V. Tetrahedron Lett. 1980, 
21, 335-338. 
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diamond growth process, with no visible defects or etch pits observed.
Fig. 3(b) shows that after deposition of Li3N followed by ~1 μm of N-
doped diamond capping layer, the diamond surfaces did not show any
signs of significant renucleation and/or new crystal formation — the
new diamond layers appear to be homoepitaxial with the HPHT sub-
strate. There are some new superficial discolorations visible on the sur-
face, in the form of stripes and lines, but these are ≪1 μm in thickness
and are probably due to variations in secondary electron emission yield
from non-uniform H-termination. Raman spectra (not shown) show no
sign of sp2 carbon formed at new grain boundaries, indicating that
the newly grown layers remain essentially single crystal. Similar surface
effects were also observed on diamond films grown on the other
HPHT substrates. These results are consistent with the idea mentioned
above — because HPHT substrates are single crystal, there are no grain

boundaries to be etched by the Li, and so the film growth is more uni-
form with no secondary nucleation.

Fig. 4 shows the SIMSdepth-profile analysis of amultilayered Li–N-co-
doped diamond thin film. The carbon signal remains constant for all the
layers and serves as the baseline from which to calculate the
concentrations of Li and N. The Li signal is centred at a depth of
~200 nm beneath the diamond surface, with a spread of ~100 nm either
side due to diffusion, with a possible contribution of±10 nmdue to SIMS
mixing. The maximum concentration of Li detected was 5.0 × 1019 cm−3

with a total integrated dose of 3.7 × 1021 Li atoms throughout the diffu-
sion region. The N signal was detected only in the first 500 nm inside
the diamond thinfilm, as expected. Themaximumconcentration of nitro-
gen atoms embedded in the film was 4.4 × 1020 cm−3 which is ~9 times
more than the Li content. This over-doping with N had been done to en-
sure all that all the Li atoms inside the diamond film were adjacent to at
least one N and so were immobilised within the diamond lattice. It can
be seen that the N-doped NCD that grew on the outer surface (topmost
50 nm) still contains a considerable amount of Li, and a reduction in N.
Thismay due to the high solubility of Li in sp2 carbon structures compared
to diamond [40], which may have displaced some of the nitrogen.

These results confirm that the Li3N process followed by encapsula-
tion produced a well-defined layer of diamond that contained localised
high concentrations of N and Li. However, electrical testing showed that
the 2-point resistivity of these films remained high (~15–50 MΩ) sug-
gesting either that the Li or its associated LiNx defect centrewere electri-
cally inactive.

3.2. Effect of changing precursors on Li and N incorporation

In order to test whether it was possible to control the amount of N
and Li incorporation, two deposition experiments were performed
where the same procedure (Si substrate, growth of 2 μm N-doped dia-
mond, Li3N drop cast, deposition of ~150–200 nm of N-doped capping
layer) was performed using (i) N2 as the source of nitrogen and 100 μl
of Li3N in the first experiment, and (ii) NH3 and 200 μl of Li3N in the sec-
ond. The results are shown in Fig. 5(a) and (b). When using N2

(Fig. 5(a)) the amount of N incorporation is b1.1 × 1019 cm−3 (below
the SIMS detection limit) compared to the film deposited using NH3

(Fig. 5(b)) with ~3.5× 1020 cm−3. Thus, nearly 10 times asmuch nitro-
gen is incorporated into the diamondwhen using NH3 thanwhen using
N2. This is because the energies available in a hot filament system are
not sufficient to efficiently dissociate the strong triple bonds in N2

(914 kJ mol−1) compared to the weaker NH bonds (414 kJ mol−1) in

Fig. 3. SEMmicrographs of a HPHT substrate (a) before growth and (b) after growth of a 1-μm-thick nitrogen-doped diamond capping layer on top of a Li/N co-doped layer. The inset is at
higher magnification. There are no obvious growth features on the surface, showing that the film was essentially homogeneous. The dark marks are believed to be artefacts of the SEM
showing regions of lower secondary electron emission due to localised variation in H termination, and not due to changes in surface topology.

Fig. 4. SIMS depth profile of a multilayered Li–N-co-doped diamond film grown on a Si
substrate. This film had the following layered structure, indicated by the dashed vertical
lines, starting from the Si substrate: ~2 μm of undoped diamond, ~350 nm of nitrogen-
doped diamond (grown using NH3) of which the top ~250 nm has been transformed
into a Li–N co-doped layer by diffusion into it of the Li3N, ~150 nmN-doped diamond cap-
ping layer (which also shows some in-diffusion of Li in its lower 50 nm). Shown on the
plot are the absolute calibrated concentrations of Li and N (left-hand axis), and C intensity
(right-hand axis) which is used as the baseline fromwhich the other concentrationswere
calculated, as a function of depth beneath the diamond surface. The dashed horizontal line
for the N concentration shows the lower limit of detection when themass 26 signal is due
entirely to C2H2

−.
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spectrometer was performed bymeasuring the absolute position of the
Fermi level of the gold sample usingHe-I. A spectrum,measured using a
negative bias of 4.9 eV, is shown in Fig. 2(a) resulting in an EF value of
21.23 eV that is in good agreement with the expected value. Similarly,
the He-II spectrum (Fig. 2(b)) shows a Fermi level value of 40.83 eV,
which also agrees with the literature value [32]. As the active sample
is in electrical contact with the reference gold film, the sample also
has the same Fermi level as the gold. The work function of the material
is then determined from the intersection of the low-KE cut-off tail with
the background level.

3. Results and discussion

3.1. CCNTs coated with diamond crystals

Fig. 3 shows the SEM images of bare CCNTs, CCNTs coated with
undoped diamond crystals, and CCNTs coated with P-doped diamond
crystals. The size of the undoped and P-doped diamond crystals is in
the range of 1–2 μm. The presence of phosphorus in the diamond crys-
tals was confirmed by secondary ion mass spectroscopy (SIMS) as
shown in Fig. 4, but the quantitative value cannot be reported reliably
owing to the rough analytical surface. Note that the very rough analyti-
cal surface results in a uniform P concentration at larger depths rather
than a P tail off presumably due to the increase in roughness exposing
more of the nanotubes during the profiling.

The role of the resistivity of the substrate can be mostly ruled out,
due to the presence of the conducting substrate (graphite foil) and
conducting underlying structures (CCNTs) for the diamond emitters.
This is advantageous for the emission applications where the resistivity
of the substrate plays an important role on the values of emission
currents. Even though the resistivity of the molybdenum substrate is
lower compared to the silicon substrate, in the present case this
problem can be completely eliminated.

3.2. Thermionic emission and work function determination

The work function was calculated using the Richard–Dushman
formula [33,34]

J0 ¼ AT2e−
Φ
kTð Þ ð1Þ

which describes the temperature dependence of the zero field current
density J0 on the temperature T where Φ is the work function of a
given material and k is the Boltzmann constant. Constant A can
be expressed by the equation A = λB ⋅ λR ⋅ A0[35] where A0 is the

Richardson constant and λR and λB are the material-specific correction
factors. Thus, the value of constant A could significantly vary from the
value of the Richardson constant A0 [36].

Zero field thermionic emission current density J0 could be calculated
from the formula that describes the Schottky effect [33,34]

J ¼ J0e
− C

ffiffi
E

p

kT

" #

where C ¼
ffiffiffiffiffiffiffiffi
e3

4πε0

q
; ε0 is an electric constant. E is the electric field on the

cathode (sample's) surface and can be expressed by a voltage drop be-
tween the anode and cathode U, as E = αU. The constant α depends on
the geometry of the cathode structure [36]. Thus, by rearranging and
re-plotting the thermionic I–U characteristic (Fig. 5(a)) curves as Ln(I)
vs

ffiffiffiffi
U

p
(Fig. 5(b)), the value of zero field current I0 can be extracted for

each temperature. The temperature dependence of the zero field current
I0 is plotted in Fig. 5(c), which follows the Richardson–Dushman model.
Hence the plot of ln I0

T2

$ %
vs. 1 / T should result in a straight line

(Fig. 5(d)) with the slope being ϕ / kT. For doped diamond supported
onCCNTs awork function value of ~2.23 eVwas obtained by this analysis.

Using the same method, we obtained work function values
for bare CCNTs [31] and CCNT coated with undoped diamond. I–U
and Ln(I)–U1/2 curves for bare CCNTs (Fig. 6(a) and (b)) and CCNTs

Fig. 3. Scanning electron microscope (SEM) images of individual a) as synthesized CCNT, b) undoped diamond coated CCNT and c) P-doped diamond coated CCNT.

Fig. 4. Secondary ion mass spectroscopy (SIMS) depth profile of phosphorus in P-doped
diamond crystals on conical carbon nanotubes. Vertical axis represents an approximate
concentration.
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