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Structure and characteristics of GN, thin films prepared
by rf plasma-enhanced chemical vapor deposition
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C;3N, films were prepared on @i11) by rf plasma-enhanced chemical vapor deposition usigg,$TiN and
SisN4/ZrN as transition layers. X-ray diffraction and transmission electron diffraction revealed that the films
deposited have a polycrystalline structure. X-ray photoelectron spectro$¥®&® and Fourier transform
infrared spectroscopy confirmed the presencemfands p? hybridized C atoms tetrahedrally and hexagonally
bonded with N atoms, respectively. The nitrogen concentration was calculated from the XPS spectra. Graphite-
free GN, films were obtained under optimal conditions. The Vickers hardness of {Ng films falls in the
range of 2950—5100 kgf/mmThe GN, films exhibit high resistance against acid and electrochemical etching.
Thermal gravimetric and differential thermal analysis showed that the films are thermally stable at tempera-
tures ranging from room temperature to 1200 °C.
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[. INTRODUCTION Concerning the application of8, as coatings on cutting
tools, graphite and rhombohedra}N\g, the two soft phases
C3N,, which may have hardness greater than that of diaare harmful to attainment of useful mechanical properties.
mond, shows immense potential for applications in the fieloRestraining their growth is crucial to preparing hard C-N
of materials science and engineering and has become an exeatings.
tensively studied subject in the past few years. Liu and This paper presents the Synthesis (%Ngby rf p|asma-
Cohertfirst predicted that the bulk modulus of #8CsN,  enhanced chemical vapor depositiPECVD) and forma-
should be 4.27 Mbar, comparable to that of diamond, whichjgn of large-area polycrystalline /8, films using various
is calculated to be 4.35 Mbar and measured as 4.43 Mbar. Ifansition layers. The structures of the films were analyzed

1993, Niu, Lu, and Liet.)érsynth.esizeqe-cgl\lll from laser .y ray diffraction(XRD) and transmission electron diffrac-
vaporization of high-purity graphite using a Nbeam simul- 5, (TED), the nature of the C-N bonding determined by
taneously bombardmg the substrate. C-N films were also Pr&_ray photoelectron spectroscotPS) and Fourier trans-
pared by reactive magnetron _sputterfiiy, ion-beam oy infrared(FTIR) spectroscopy. The Vickers hardness of
depositiorf, electron cyclotron resonance plasma-assisteghe ¢_N films were measured. Corrosion and thermal gravi-
chemical vapor depositiofECR-CVD),” and hot filament eyic and differential thermal analys{§G-DTA) experi-

8 B . .
CVD.” The resulting films were predominantly amorphous.yants were conducted to examine the chemical and thermal
Only a few authors obtained nanometer-siz2dC;N, crys- stability of the samples.

tallites, with a crystallization rate5 vol. %, dispersed in the
amorphous gN, matrix. On the other hand, all the C-N films
reported were carbon rich. It turned out to be difficult to
prepare samples with nitrogen content satisfying thdl,C Our rf PECVD apparatus for $i, and GN, deposition is
formula. To date, samples containing sufficient amounts o&hown in Fig. 1. The cylindrical exciting electrode of the rf

crystallized GN4 and with bulk modulus comparable to the power source is fitted outside the quartz tube. The substrate
predicted value have not been obtained.

Recently, Liu and Wentzcovitch,in their ab initio

II. EXPERIMENTAL DETAILS

1

variable-cell-shape molecular-dynamics study of thé@lC 2 E::><:]

structure, pointed out that there exist thregNgphases: the —l

hexagonal3-C;N, (space grougP6;/m), the defect cubic ‘ p 3

zinc-blende P43m) C3N, and the rhombohedral ;8, 7 . 7 PR 3 L
(R3m) phase, the bulk moduli of which, are 4.37, 4.25, and D><] ) ﬁ
0.51 Mbar, respectively. The cohesive energies of the three ' y
phases lie close to each other and are also close to those ol

both diamond and graphite. Hence, during the reaction pro- 8 10
cess in GN, synthesis, the five phases, including diamond B n 7 n

and graphite, will grow competitively, none of which may
easily grow large. Consequently, amorphous C-N films will  F|G. 1. A schematic diagram of the rf PECVD apparatus for the
usually be formed. As diamond and graphite are energetideposition of SjN, and GN,. 1, Electric heater; 2, quartz tube; 3,
cally a little lower than GN, amorphous carbon should rf exciting electrode; 4, substrate; 5, booster bump; 6, motor bump;
grow faster than §N4.10 7, temperature monitor; 8, rf power source; 9, ethylene; 10, N
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[ —_ —_ film deposited on $N,. The sample was annealed at 800 °C in
2 & vacuum fo 2 h before TED measurement.
Z = <
cZS‘ 5; é hances ionization and decomposition of reactants and pro-
A 4 =y duction of carbon nitrides. And, $§, is an ideal structural
z_ template to seed the growth of the metastg®€;N,. Both
k compounds are in the hexagonal crystallization system. Their
——— ; ; — : Pl interface has the lowest lattice mismatch.

XRD spectra were measured fogNL, /C3N4/Si samples at
different stages of preparation. Typical results are presented
26 (Degree) in Fig. 2. For the SN,/Si sample, we see diffraction due to

B-SisN4(200), (221), and (322 at 20=26.8°, 58.9°, and

FIG. 2. The XRD spectra for §\l,/Si (a), C3N,/SizN,/Si (b), 94.9°, respectively. After deposition of;l8,, these peaks
and GN,/Si;N,/Si after annealing at 800 °C in vacuum for Zd. disappear, leaving a contour around 28°, attributed to a scat-
The wide band around 28° ifb) is attributed to a scattering modi- tering modification to the above diffraction by the freshly
fication to the diffraction of3-Si;N,. grown amorphous {N,. For the same specimen, after an-
nealing at 800 °C in a vacuum for 2 h, we see three peaks at

is placed on the grounded plate in the tube. The maching8.4°, 58.7°, and 94.9°, attributed, respectively, fo
works at 200 kHz, rather than the usually adopted 13.5623N4(110), (211), and (330. The large intensity at 28.4°
MHz, and under voltages controllable between 1500—2008uggests a preferred growth 8fCsN,(110) with little lattice
V. mismatch overB-SizN,. In addition to the above three
Polished silicon wafers were boiled first in solution planes, there are also crystallites grown along {Be
NH,OH:H,0,:H,0=1:1:8 for 3 min and then in solution SisN4(221) and(322) textures, but they are not so intense. In
HCI: H,0,:H,0=1:1:8 for 8 min. Then they were rinsed in the above experiment, no diffraction due to graphite was
hot and cold deionized water and dried up in an ir oven. Aobserved. This is because graphite angNghave large mis-
TiN or ZrN layer, 0.3—0.5um thick, was deposited on each matches, though they are in the same crystallization system.
wafer by reactive magnetron sputtering, followed byNgi  Based on the XRD spectra, ti#ieCsN, lattice constants were
deposition in the PECVD chamber and then deposition of
C5N, films, their thickness varied to meet the requirements
of various measurements. The substrate temperature was ad-
justed between 400-600 °C. ForglSj deposition we used
SiH, and N, at fluxes of 1.3 and 3.5 liter/min, respectively,
the rf voltage was controlled at 1500 V3L, deposition was
conducted at 1800 V using,8, and N, at 0.4 liter/min and
up to 5.0 liter/min.

20 40 60 - 80 100

Ill. RESULTS AND DISCUSSION
A. XRD and TED analysis

To make crystalline gN,, we have studied the effects of
the rf power frequencies as well as transition layers on the
film qualities. We believe that a low frequency favors the
increase in the kinetic energy of the reactants and crystalli- FIG. 4. The transmission electron diffraction pattern typical of
zation during deposition. A higher density of power en-C;N, films deposited on SN,/TiN/Si.
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TABLE I. Crystal parameters of {8l, deposited on SN,/TiN/Si and SiN,/ZrN/Si.

Theoretical Experimental Theoretical Experimental
(hkl) d @A) C3N4/SigN4/TiN/Si C3N4/SigN4/ZrN/Si (hk) d @A) C3N4/SigN4/TiN/Si C3N4/SigN4/ZrN/Si

110 3.213 3.48 3.25 321 1.133 1.13
200 2.783 2.56 500 1.106 111
101 2.259 221 330 1.071 1.00
111 1.953 1.95 0.90
211 1.598 1.57 1.57 0.85
221 1.345 1.35 611 0.80 0.79
320 1.277 1.27 1.27 0.75

calculated am=6.28 A andc=2.34 A, in good agreement  The results show that bosp® andsp? hybridization ex-
with predictions of Yuet al,'! though with slight deviations ist in the C-N films. In either cubic o8 phase GN,, each C
of —2.5% and—1.6%, respectively, compared to those re-atom issp® hybridized ando-bonded with four N atoms,
ported in Ref. 2, and 0f-2.0% and 1.3% compared to those forming a tetrahedral configuration. As nitrogen has a greater
in Ref. 9. electronic affinity, the electron cloud of the C-N covalent
Free GN, films were obtained by dissolution of Si, bond tends to move near the N atom. This transfer of nega-
SizNy, and TiN or ZrN in corrosive solution HF:HNG&-2:1.  tive charge increases the binding energy of the <(and
TEM observation revealed that;8, films deposited on reduces the binding energy of the Nj)lelectron(compared
SisN,4/Si are amorphous. We annealed thgNg/SisN,/Si  with that of the N moleculg. In rhombohedral gN,, each
samples at 800 °C in a vacuumrf@ h before putting them carbon atom isp? hybridized ando-bonded with three ni-
into the corrosive solution to strip the;&, films off the  trogen atoms, making up a hexagonal structure. In the planar
substrates. Then Laue’s diffraction patterns were observedetwork of the hexagonal lattice, each atom, carbon or nitro-
for the free GN, specimengFig. 3), indicative again of an gen, has a solitary electron, which forms théonding be-
amorphous to crystalline 88, transition during annealing.  tween the interplanar C and N atorf=N bondg, making
C3N, films deposited on §N,/TiN/Si and SiN,/ZrN/Si  the structure a stable one similar to the benzene structure
are polycrystalline, as shown in Fig. 4 for the TED pattern offrequently found in organic compounds. Owing to the pres-
a GN,4/SisN,/TiN/Si specimen. Crystal parameters calcu-ence of the €N bonds, the rhombohedral;i8, has the
lated from the TED patterns are summarized in Table | fromgreatest chemical bond energy and therefore is chemically
which we see that the f, films deposited on both most stable among the thregN phases. In actual C-N
Si;N,4/TiN/Si and SiN,/ZrN/Si are structurally analogous to films, the binding-energy variation results from variation in
B-CsN,, with C3N,/SigN,/ZrN/Si even closer to it. And we bond forms and lengths. The nitrogen concentration, ob-
also observed Laue’s patterns for as-preparedained from XPS, increases with the fiux. Up to 53.7 at. %
C5N,4/SisN,4/ZrN/Si under appropriate deposition conditions, concentration was obtained for films deposited at thdlik
revealing that large {N, crystallites have been formed when of 5.0 liter/min.
ZrN intermediate layers were used. To further study the C-N bonding, we performed FTIR
The consistency between our XRD and TED spectra havepectroscopy on a NICOLET FTIR spectrometer. Figure 5
verified the existence of crystallines®,. The TED results illustrates the FTIR spectrum for a C-N film directly depos-
suggest that TiN and ZrN layers enhancgNggrowth over ited on S{111). The 1260 cm? peak is attributed to the
SigN,. But its explanation remains a question. Our previousstretch vibration of C-N single bonds, the frequency of
study showed that TiN and ZrN layers deposited on Si argvhich has shifted a little towards the high frequency owing
crystalline’? Since the synthesize@Si;N, is hexagonal, the to the presence of other bonds with higher frequencies and
forced crystallization mechanism suggesting that the cubithe influence of neighbor radicals. The FTIR analysis of a
TiN or ZrN layer forces its seeded layer to adopt the samevariety of samples prepared by the present method showed
cubic structure is not applicable hérdt may be reasonable that the wave number of C-N bond vibration falls in the
to take account of the hexagonal symmetry nature of some
TiN or ZrN planest* That symmetry should result in better ~ TABLE Il. The binding energies of C(s) and N(Is) electrons

crystallized-SisN, which then would better seed growth of a_md N concentrations determined from XPS spectra of the,C
B-C3N,. Further research is still under way. films. The sample labeled Fhroughe were prepared at Nfluxes
5.0, 4.5, 4.0, 3.5, and 2.5 liter/min, respectively.

B. XPS and FTIR analysis Sample a b c d e
XPS spectra of C(4) and N(1s) electrons were mea- C! (eV) 287.1 286.9 286.8 286.5 286.2
sured and simulated, and two groups of pe@iable Il) were  N! (eV) 398.6 3985 398.7 3987 3985
obtained. One is the group of carbon peaks:c?(ev) 284.7 284.8 2847 2847 284.6
C'=286.2-287.1 eV, £&-284.6-284.8 eV; the other is the N2 (ev) 400.8 4005 400.8 400.9 400.3

nitrogen group: N=398.0-398.7 eV, R=400.3-400.9 eV. N content(at. %) 53.7 47.6 46.7 44.4 12.0
The values were found influenced by the fNix.
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FIG. 7. The TG-DTA curves of a C-N film deposited or{i1)
FIG. 5. The FTIR spectrum of a;§, film directly deposited on  substratgsampleA).
Si(111) substrate.

C. Hardness, chemical and thermal stability

912-1062 cm! range. The 1436 cit peak is attributed to The hardness of {l, is a key parameter as far as its

amorphouss p> C-C bonds, the strong peak at 1576 ¢no ~ practical application is concerned. Our hardness measure-

the absorption of graphite, and the 1687 ¢dnpeak to the ~ment, conducted with a Vickers hardness tester under loads

vibration of G=N bonds, indicative of the presence of rhom-°f 5 and 10 g, shows that the hardness of the

bohedral GN,. The wide band around 2054 cthis assigned ~ CaNa/SisN4/TiN/Si - falls in the range of 3000-5100

to the &=C bonds. Kgf/mrr?. C;N, films deposited on TiN/metal have compara-
Using transition layers, we have obtained pugdgfilms t|vely| lower .kllar'dneslf(3000—|f-33v(\)lo kgf/rr;]ri’-). hHerg, the f

under optimal conditions. An FTIR spectrum typical of such m_eta IS an ol pipe alloy steel. We see that t € a ophon 0

films on SEN,/ZrN/Si is illustrated in Fig. 6. One sees only SigN4/TIN transition Iay_ers to. restrain graphmc grovvth IS

a broad and strong absorption band around 974 catrib- successful and results in attainment of\g films with ex-

uted to C-N bonds, which is much different from the spec—peCteOI high hardness.

. c . .
trum shown in Fig. 5, and a peak at 614 chraused by C3To study the resistance of;8, against acids, we put

N4 /TiN/Si samples in 49 % HF acid. As TiN and i
lattice vibration of the Si substrate. No evidence for the presaissé)lve easily inFI)-IF acid thg3N4 film was stripped ofﬁﬁe

ence of absorption due to graphite, expected around 158 psirate. It was not decomposed or damaged by the acid.

cm™*, or any other bonds or radicals, was found. C;N,/Si samples were put in a mixture of HF and nitric acids
with HF:HNO;=2:1. The Si wafer reacted swiftly with the
mixture, dissolved, and completely vanished, but th&lC

films remained intact.
_ The resistance of 8, against electrochemical etching
o was studied using a solution of 10%%0, and 10% NaCl.
[ag}
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FIG. 6. The FTIR spectrum of a 8, film deposited on FIG. 8. The TG-DTA curves for the £, film deposited on

SisN4/ZrN/Si. SisN, (sampleB).
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TABLE lll. The electrochemical etching current and current ratio of specific electrodes under various

voltages.
Working voltage(mV) Sample Etching current (mA/cin Current ratio
metal 50.0 769 3.3
—600 Cr/metal 15.0 231 1
C;N, /metal 6.5¢10° 2 1
metal 70.0 212 4.4
0 Cr/metal 16.0 49 1
C;N /metal 33.10°2 1
metal 77.5 258 2.6
+300 Cr/metal 30.0 100 1
C;N,/metal 30.10°2 1
metal 210.0 575 6.7
+600 Cr/metal 315 86 1
C;N, /metal 36.510°2 1
metal 2375 617 7.4
+800 Cr/metal 32.0 83 1
C3N,/metal 38.510°2 1
metal 235.0 573 7.2
+1000 Cr/metal 325 79 1
C3N,/metal 41.¢10°? 1

Plates of oil pipe alloy steel, Cr/metal, ang\G/metal, each See apparent heat releasing or gaining on the DTA curve.
with a conducting area of 1 dnwere used as working elec- The GN, films prepared using §N, buffer layers are there-
trode. Platinum was used as pair electrode and standaf@re thermally stable.
calomel electrode saturated mercurous chloride as reference
electrode. The results are listed in Table Il and analyzed as

In electrochemical etching of metals, atoms of the metal,
the anode, lose their electrons and become ions dissolving if,
the corrosive medium. When an insulatingNg film is de-
posited on the surface of the metallic anode, the reactio
process in which the anode is involved is greatly slowe
down and the etching rate of the anode is remarkably re,
duced. From Table Ill one sees that, whegNgmetal is
u_sed as an anode, the etching current decreases by 258 to hance growth of polycrystalline J8, films over SiN,
times compared to the case with a bare a_llloy metal plate PButrer layers. The nitrogen concentration of the films falls in
an anode and decreases by 79 to 100 times from the cagg, range of 12.0-53.7 at. %.
Wh$r6e E)h'l('a AaillvoaysIic?r?glﬁ?e\éw:‘grcsrémpl ddlesignated? and The Vickers hardness of thejlg, films falls between
B) prepared under different conditions. Samplés a C-N 3000-5100 kgffmrh The GN, films remain intact in HF

film directly deposited on $111) and electrically conductin acid, in mixture of HF and nitric acids, and are resistant to
! irectly deposi N ectneatly GUCLING g ectrochemical etching. TG-DTA studies showed that the
for the existence of graphite in it. On its TG curve in Fig. 7

we see a peak with a weight losing rate of 4.611% in th films are thermally stable at temperatures ranging from RT to

316.8—337.9 °C range. Correspondingly, a heat releasir(?%]200 c.

peak manifests itself on the DTA curve. It is suggested that,
when heated, the graphite in the C—N film reacts with oxy-
gen in the air, producing CQyas and releasing heat, and the
film loses its weight. This work was supported by the National Natural Science

SampleB is a C-N film deposited on §i,/Si. Contain- Foundation of China. The authors thank Professor Shi Wei-
ing no graphite, the sample is electrically insulating. . In thisdong of the China National Laboratory of lon, Electron, and
case(Fig. 8), no TG peak can be observed in the temperaturé®hoton Beams, Dalian University, for his kind help in the
range from room temperatu(BT) to 1200 °C. Nor does one Vickers hardness measurement.

Polycrystalline GN, films were prepared by rf PECVD

der an ethylene and nitrogen ambient using Si as substrate

and SiN,/TIN and SgN4/ZrN as transition layers. Laue’s
pots were observed for;8,/SisN,/ZrN/Si and annealed
2N, /SisN,/Si samples. Botlsp® andsp? hybridization ex-

ist in the films. The SN, layer is indispensable for making
raphite-free GN, films. Intermediate TiN and ZrN layers
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