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Carbon nitride films were grown on Si and Pt substrates by microwave plasma chemical
vapor deposition (MPCVD) method. Scanning electron microscope (SEM) observations
show that the films deposited on Si substrates consisted of densely populated hexagonal
crystalline rods. Energy dispersive X-ray (EDX) analyses show that N/C ratios of the rods
were in the range of 1.0 to 2.0 depending on deposition condition. X-ray diffraction
experiments show that the films consisted of crystalline phase 8-C3N,. Comparison with
films grown on Pt substrate show that the main X-ray diffraction peaks of 8-C3N, are
existed in films deposited on both substrate. XPS study showed that carbon and nitride
atoms are covalent bounded to each other. IR results show that the film is predominantly
C-N bonded. Raman measurement showed characteristic peaks of 8-C3N, in the low wave
number region. Temperature dependent growth experiments show that the amount of
SizN, in the films grown on Si substrates can be significantly reduced to negligible amount
by controlling the substrate temperature. © 7999 Kluwer Academic Publishers

1. Introduction 2. Experimental

B-CsNg4is a hypothetical super hard material predicatedCarbon nitride films were deposited in a MPCVD sys-
byab initio calculation from first principles [1-3]. Since tem as illustrated in Fig. 1. Vacuum was supplied by
then, scientists all over the world tried to synthesizea combination of a turbo-molecular pump and a ro-
it in laboratory through various kinds of experimental tary pump. Working gases (GHind N>) were fed into
means. After years of hard working, some progress hathe deposition chamber through mass flow controllers.
been made in both theoretical calculation and experiPressure in the chamber was controlled by adjusting a
mental synthesis. Theoretical studies have been madalve between the deposition chamber and the vacuum
on several other forms of carbon nitrides on issues suchumps. The power of microwave in the chamber was
as stability, crystal structure, hardness etc. [4—6]. Meanadjusted by a four screw adapter and monitored by mea-
while, lots of experimental techniques have been emsuring the back reflection power at the end of water load.
ployed to synthesize it, such as high pressure pyrolysisSubstrate temperature was monitored by an infra-red
ion implantation, physical vapor deposition, chemicalpyrometer. It is determined by the power of microwave
vapor deposition, and so on [7-26]. However, the for-in the deposition chamber, the flow rates of working

mation of crystalling8-C3N4 is not confirmed yet. gases, working pressure and the position of substrate in
We have reported the formation of crystalline grainsthe deposition chamber.
of B-C3N4 and planar form carbon nitride psf4 in The deposition conditions were adapted after typical

carbon matrix by high dose ion implantation of"N condition for the growth of diamond films. The sub-
into pure graphite plate and carbon films [19-21]. How-strate temperature ranges from 700 to 900and the
ever, the nitrogen concentration in films prepared byworking pressure is about 3000 Pa. The flow rates of
this method could not be increased any further. In thiSCH4 to N, is about 1 and 100 sccm respectively. The
paper, microwave plasma chemical vapor depositiorgrowth parameters are optimized in the process to get
(MPCVD), an experimental method used successfullybetter carbon nitride films.

in deposition covalent hard substances such as diamondMost of the samples were deposited for one and half
and c-BN films, was used to deposit carbon nitridean hour and have a thickness of a few hundred of nano-
films on Si and Pt substrates. The surface morphologyneters. The deposition rate is about 2—6 nm/min. de-
chemical composition, crystal structure, atomic bondpending on growth condition. Long time depositions
ing status and hardness of the samples were analyzedp to several hours were also carried out for some sam-
Experimental results show that crystalline carbon ni-ples. It is found that substrate temperature played an
trides have been synthesized in the deposited films. important role in the growth of carbon nitride films and
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Figure 1 An illustration of the MPCVD apparatus used in the experiments. 1. Microwave generator 2. Circulator and waterload 3. Four screw
adapter 4. Working area of microwave 5. Movable terminator 6. Mass flow controller 7. Quartz glass tube 8. Sample holder 9. Vacuum tube
10. Turbo molecular pump 11. Valve 12. Mechanical pump 13. Reflection mirror 14. Infrared pyrometer.
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that the amount 0B-SisN4 can be reduced greatly in typical SEM micrograph of a carbon nitride film de-

the films at low substrate temperatures. posited on Si substrate for 90 minutes. We can see well
edged, hexagonal shaped crystalline rods lying on the
substrate.

3. Results and discussion
3.1. Surface morphology
The surface morphologies of deposited films were in-3.2. Chemical composition
vestigated by a Hitachi S-4200 scanning electron mi-The chemical compositions of the deposited,GiNns
croscope. It was found that the films consisted mainlyvere examined by energy dispersive X-ray (EDX) anal-
of hexagonal crystalline rods. These rods are aboutsis. Measurements were taken on crystalline rods by
2—-3um long and about 0.4m wide. They are densely an Oxford 6566 detector with an ultra-thin window at-
populated on the surface of substrates. Fig. 2 shows t&ched on a Hitachi S-4200 scanning electron micro-
scope. The ultra-thin window allows the low energy
characteristic X-rays of light elements to pass without
significant loss, make the detector capable of measur-
ing the concentration of light elements down to Boron
(Z=5). The atomic ratios of nitrogen to carbon were
found to be in the range of 1.0-2.0, depending on de-
position conditions. It was also found that regularly
shaped hexagonal crystalline rods have an N/C ratio
close to 4/3. Fig. 3 is a typical EDX spectrum of a
carbon nitride film deposited on Si substrates (830
0.7 sccm CH, 100 sccm N, 19 Torr, deposited for 90
minutes). The acceleration voltage is 20 kV. The chemi-
cal concentrations of C, N and Si are evaluated by ZAF
method to be 31, 42 and 27%, respectively. The N/C
ratio is almost 4/3, close to the theoretical one giNg.
However, it is worth noting that the measurement of
concentration of light elements in thin films is a big
challenge due to their low sensitive factor, as revealed
- by the extremely low peaks of C and N as compared to
‘ : s that of Si as shown in Fig. 3. Since the size of the rods
is smaller than the size of the effective region EDX ex-
Figure 2 A typical SEM micrograph of carbon nitride films deposited periments measure, the res‘_"“”g Concentratlon_ IS sum
on Si substrates. The white bar in the low right comneristiiong. Well ~ Of the crystal rod and the Si substrate. The existence
edged crystalline bars lying on Si substrate. of Si peaks in EDX spectrum is inevitable. Meanwhile,
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Figure 3 A typical EDX spectrum of carbon nitride films deposited on Si substrates. The acceleration voltage of electron beam is 20 kV.
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Figure 4 An overall XPS spectrum of carbon nitride films deposited on Si substrates.

the measured concentration varies from rod to rod, in{t was performed on a VG scientific Lab 5 ESCA
dicating that concentration differs among them. The(electron spectrometer for chemical analysis). X-rays
significance of concentration measurement should bestas produced by Al targets on this equipment. Fig. 4
be confirmed by other techniques. shows an overall spectrum of a carbon nitride film
The chemical composition of carbon nitride films grown on silicon substrate (80C, 1.0 sccm Clg, 100
were also measured by XPS experiment. XPS can giveccm N, 90 minutes). Integrated intensity of the XPS
more accurate results of light elements in surface layepeaks obtained by detailed scan showed that the atomic
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concentration of the C, N, O and Si is 20.8, 26.3, 12.23.3. Crystal structures
and 40.7%, respectively. Since XPS measurementX-ray diffraction experiments were performed on a
are surface sensitive and surface adsorbed oxygeRigaku D/Max Il rotating anode X-ray diffractometer
played an important role, the measured data showe(l2 kW, ClK,, Radiation). Lots of Bragg's peaks were
a large amount of oxygen. The large amount of Si isfound on the spectra. Therefore, the deposited films
due to the uncovered surface of substrate (about ongre crystalline. Fig. 5 shows a typical X-ray diffrac-
third as revealed in SEM observation on this sample)tion spectrum of a carbon nitride film. Table | lists
The Atomic ratio of N to C is about 1.33, close to the the d-spacing of all the diffraction peaks in the spec-
theoretical value of gN4. trum. Theoretically calculated values gfC3N4 and
From the above concentration measurements, it i$-SisN4 are listed in the table. We can see that most
clear that the atomic ratio of N/C in films deposited by of the low index, high intensity peaks 8fC3Ng4, such
MPCVD meet with the theoretical value BfC3N,. as (110), (200), (101), (210), (111) and (300), show up

TABLE | The X-ray diffraction results of Fig. 5. The experimentiakpacing are listed along with the theoretical predicated ongs@N4 and
B-SizN4. CuK, radiation are used in the experiments

Experimental B-C3Ny B-SizNg
No. 2 d(A) | (hkl) d(A) | (hkl) d (A) |
1 12.80 6.910 474 (100) 6.580 34
2 20.64 4.300 54
3 22.84 3.890 91 (110) 3.800 35
4 26.48 3.363 912
5 27.88 3.197 126 (110) 3.201 36 (200) 3.293 100
6 28.60 3.118 238
7 31.84 2.808 96 (200) 2.772 100
8 35.44 2.531 368
9 38.60 2.330 56 (111) 2.310 9
10 40.40 2.231 26 (101) 2.206 63
11 42.28 2.136 97 (210) 2.095 41
12 46.68 1.944 62 (111) 1.922 59
13 47.72 1.904 87 (220) 1.900 8
14 49.40 1.843 53 (300) 1.848 42 (310) 1.830 12
15 51.68 1.767 33 (301) 1.750 37
16 53.16 1.721 29
17 56.68 1.623 37 (220) 1.600 2.
18 60.04 1.540 35 (310) 1.538 10
19 60.72 1.524 38 (320) 1.511 15
20 64.08 1.452 41 (301) 1.465 12 (002) 1.454 15
21 69.68 1.348 37 (321) 1.341 39
22 71.00 1.326 31 (221) 1.332 18
23 73.04 1.294 19 (320) 1.272 12 (411) 1.288 18
24 80.68 1.190 21 (002) 1.202 13
25 94.40 1.050 31 (212) 1.043 6
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Figure 5 A typical X-ray diffraction spectrum of carbon nitride films deposited on Si substrates.
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in the spectrum. Therefore, carbon nitride film consistsSTABLE 111 List of experimental peaks from Fig. 7, together with
of B-C3N4 and 8-SisN4 and unknown phases. Due to standard IR spectrum of $4 and theoretically calculated peaks of

the high X-ray scattering factor of Si, the relative small $-CsN4 anda-CaNs

peaks off-SisN4 show that the amount @-SizN4 in
the film is much smaller than that of carbon nitride.

! ! a Experimental
Since Si can react with both C and N to form com- peaks (cm?)

Standard IR peaks

(cm™h

Calculated IR spectrum
(em™

SizNg

B-C3Ny

a-C3Ny

pound, complicating the phase identification process, Pt
plates have been used as substrate for deposition carbotf®
nitride films. Results show that most of the low index, jgi
high intensity peaks oB-C3Ny4 are also presented in 494
X-ray diffraction spectrum of carbon nitride films de- 510
posited on Pt. Meanwhile, EDX analysis shows that 573
N/C atomic ratio in the films also close to 4/3. Details 610
on carbon nitride films deposited on Pt substrate will ggg
be given in an upcoming paper. 853
888
1033
1100

3.4. Chemical bonding 57
Detailed XPS scans were used to analysis the C, N anghso
Si peaks to study their chemical shift. Fig. 6 shows the
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detailed shapes of the C Is, N Is and Si 2p peaks. Thest62 2227
peaks are de-convoluted by Gaussian peaks. Table f£>°

list the results of deconvolution of the peaks, including

the area, center, height and width of the Gaussian peaks.

The atomic composition of the peaks are also calculated

according to the area and sensitive factor and listed i "€ Strong double peaks is in the range of C-N bond.

it. Although there are disagreements on the shift of the! "€ IR peaks of8-C3N, and a-C3N, are also cal-
lated by Cerius Il material analysis package from

XPS peaks as reported in literature, the peaks may b , > X X ,
assigned tentatively as follow. The C Is peaks at 286.2/0lecule Simulation Incorporation (MSI) to identify
and 288.9 correspond to two difference states of C-NN€ Peaks of eNy. All the results are summarized in
bonds [26], respectively. The N Is peaks at 399.5 andable lll. The Strong double peak can be assigned to
402.1 correspond to N-C and N-O bonds [27], respecbeﬁ'c3_N4-

tively. And the Si 2p peaks at 103.69 and 101.24 may Fourier Transform Raman spectroscope was used_ to
be assigned to Si-O and Si-N bonds, respectively. Fromgtudy the chemical bond and the crystal symmetry in
the above results, there is a significant amount of N-¢n€ films. It is done on a FT-Raman JY U-1000 spec-

and C-N bonds for N and C atoms in the films, favoring r0Scope. Fig. 8 shows a typical result of Raman spec-
the formation ofg-CsN4 phases. troscopy of a carbon nitride film on silicon. The strong

FT-IR spectrum are also made to study the vibraPeak at 520 cml_ is due to silicon substrate. There are
tion mode of the samples. Fig. 7 shows a typical IRtWO chqracterlstlc peaks located at 251 and 30_2hm
spectrum of a carbon nitride films. It was character-"éSPectively. Yan and Chou [25] argued that since the
ized by a very high double peak at 853 and 888 &m  Crystal structure of-CsN, is modeled afte-SisNa,

There are also some sharp peaks at low wave nunitS Raman spectrum should resemble thap &3isNa.
ber and a big bump from 850 to 1200 chn In or- From the data of atomic mass and elastic modules of

der to identify the peaks, standard spectrum gNGi the two substances, they obtained an estimated Raman
are used for comparison [28]. The feather of IR specSPectrum off-CsN,. The two experimentally observed
trum of SN, is characterized by a wide absorption Raman peaks are close to the characteristic lines of the
band between 850 and 1200thtogether with some  €Stimated spectrum @-CgN. ,

peaks at low wave number region. The big bump and The above IR/Raman results show strong evidence
some peaks at low wave number are indexed gblgi O SUPport the formation g8-CsN.

2224

TABLE |l Detailed analysis of XPS peaks of a carbon nitride films deposited on Si substrate. For each deconvoluted peaks, the area, center, width
and height are listed together with the calculated composition and tentative assignment of bonding status

Peak Center Width Peak Element
Peaks area (eV) (eV) Height composition composition Bond
Cls 1033 286.17 2.29 360 16.9% 20.8% C-N
233 288.87 3.15 59 3.9% C-N
N 1s 2764 399.46 2.04 1083 24.3% 26.2% N-C
219 402.14 2.63 66 1.9% N-O
Si 1789 103.69 2.18 655 35.2% 40.8% Si-O
2p
288 101.24 1.89 122 5.6% Si-N
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Figure 6 Detailed scans of the C 1s, N 1s and Si 2p XPS peaks.

3.5. Growth conditions face at the first stage of growth. As the film becomes
Comparing the film deposited for different time at the thick, its growth rate decrease and more carbon nitrides
same condition, it is clear that samples grown for aare deposited. Therefore, in carbon nitride films on Si
long time have a relative small amount §fSisN4 as  substrate-SizN, is mainly located near substrate and
compared with the carbon nitride phases. We can infecarbon nitrides are mainly located near the outer surface
that 8-SisN4 grows more easily near the substrate sur-of the film.
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Figure 7 A typical IR spectrum of carbon nitride films deposited on Si substrates.
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Figure 8 A typical Raman spectrum of carbon nitride films deposited on Si substrates.

In order to optimize the growth condition and ob- 3.6. Film hardness
tain better films, carbon nitride films are grown at vari- In order to test the mechanical properties of the de-
ous conditions. Fig. 9 shows a series of samples growposited films, hardness tests were performed on a Nano
at three substrate temperatures: 805, 830 and®70 indentor (Nano Il). Indentations were done on eight
The peaks of8-SizN4 grown very rapidly as the sub- randomly selected points on each sample to reduce the
strate temperature increases. Table IV list all the mairfluctuation of the results. Film hardness are calculated
X-ray diffraction peaks with intensity. It is found that according to loading curve of a carbon nitride film. The
substrate temperature is an important parameter affectalculated hardness of a carbon nitride film on Si sub-
ing the quality of the films: higher substrate tempera-strate is 23.9 GPa. It is close to that of common hard
ture corresponding to larger amount®fizN4. Films  substances, such as TiN, TiC 8k, etc. Due to the fea-
grown at substrate temperatures as low as°’8Bave ture of the films as revealed by Fig. 1, the films are as

remarkably low X-ray diffraction peaks @-SizN4. thick as the crystalline rods (about Quvh), and are not
Therefore, the amounts @-SisN4 can be signifi-  homogeneous on micro-scale. Hardness test will be af-
cantly reduced under suitable growth conditions. fected by substrate effect and the choice of the site for
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TABLE 1V X-ray diffraction results of carbon nitride films deposited at different substrate temperatures

805°C 830°C 870°C B-SiaNg B-C3Ng
No. d (A) [ d (A) | d (A [ (hkl) [ d (A) (hkl) d (A) [
1 6.430 51 6.632 74 6.544 353 (100) 34 6.580
2 4.619 50 4.609 20 4.544 23
3 4.111 55 4.133 41 4.211 20
4 3.811 30 3.824 45 3.792 109 (110) 35 3.800
5 3.257 100 3.290 158 3.280 983 (200) 100 3.293 (110) 3.20 36
6 3.081 95 3.118 50 3.140 50
7 3.007 280 3.039 135 3.064 172
8 2.712 104 2.738 45 2.703 3268 (200) 2.77 100
9 2.477 183 2.490 121 2.482 386

2.393 37
10 2.319 60 2.333 37 2.361 35 (111) 9 2.310
11 2.267 77 2.287 46 2.298 69 (101) 221 63
12 2.089 113 2.096 58 2.105 69 (210) 2.095 41
13 1.966 37 1.978 38 1.991 28
14 1.907 70 1.916 43 1.919 85 (220) 8 1.900 (111) 1.922 59
15 1.867 123 1.876 72 1.886 76
16 1.806 20 1.821 17 1.821 56 (310) 12 1.830 (300) 1.848 42
17 1.691 112 1.699 19 1.710 45 (301) 37 1.750
18 1.598 47 1.605 41 1.604 39 (220) 1.600 2
19 1.519 57 1.527 32 1.508 26 (320) 15 1.511 (310) 1.538 10
20 1.468 26 1.512 27 1.478 87 (301) 1.465 12

Intensity (arb. unit)

10 D D 40 0 &0 70 &0 D 100
26 (degree)

Figure 9 X-ray diffraction spectrum of a series of carbon nitride films deposited at different substrate temperatures on Si substrates.

indentation. The real hardness of a rod may be muclRaman spectroscopy experiments support strongly the

higher. formation of 8-C3N4. 8-SisN4 were also found near
the substrate. Its amount can be significantly reduced
by optimized growth condition. High hardness of 23.9

4. Conclusions GPa was found in the deposited films.

From the above experimental results, we can see that

crystalline carbon nitride films were successfully de-

posited on silicon substrate. Hexagonal shaped crys-

talline rods are formed on silicon substrates. EnouglAcknowledgements

nitrogen concentration has been incorporated into thes€his work is supported by the National Natural Science

crystalline rods to form eN4. X-ray diffraction and Foundation of China.
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