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LOW-TEMPERATURE GROWTH OF ULTRA-THIN
NANO-CRYSTALLINE DIAMOND FILMS
BY HFCVD IN A CH, /H, MIXTURE

ZHANG Heng', HAO Tian-Liang'*, SHI Cheng-Ru”, HAN Gao-Rong'

(1. Department of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, China;
2. Analysis and Measurement Center, Zhejiang University, Hangzhou 310028, China)

Abstract: The diamond nucleation and growth on Si substrate by hot filament chemical vapor deposition ( HFCVD) at the
low temperature { ~S550°C) and low pressure ( ~7 Torr) were studied. Nucleation density (ND) as high as 1.5 x 10"
cm 2 was obtained on well ultrasonically pretreated substrate at the nucleation conditions of 2. 5% CH,/H,. Diamond grain
sizes change form sub-micron to nano-meter scales with the increase of CH, concentration. Smooth ultra-thin (thickness <
500 nm) nano-crystalline diamond ( NCD) films with grain sizes less than 50 nm and surface roughness as low as 4nm have
been synthesized. The adhesion between the film and substrate is good. The optical absorption coefficient in visible (VIS)

'. Smooth ultra-thin NCD films can be synthesized at low temper-

to infrared (IR) wavelength range is less than 2 x 10*cm~
ature and low pressure by our conventional HFCVD technique.

Key words ;: HFVCD; nano-crystalline diamond film; ultrasonic pretreatment; low temperature growth; absorption coeffi-
cient
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sized and recognized to use for optical protective coat-

Introduction . . . [1-2)
ings and wear resistant coatings . NCD films are
In recent years, NCD films, which have smooty mainly grown by microwave CVD in a CH,/Ar or ar-
surface, low friction coefficient and most of the out- gon-rich CH,/Ar/H, mixture on various substrates
standing bulk diamond properties, have been synthe- (Si1, Si0,, SiC and various metals) seeded with dia-
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mond nano-powder.

The HFCVD is one of the most common tech-
niques for poly-crystalline diamond films growth. It is
an attractive technique for industrial applications due to
its simple equipment, easy growth of large area films
and low operating costs. It is important to successfully
grow NCD films at low temperatures on a variety of
substrates using the HFCVD technique, since the tran-
sition temperature of most optical materials, such as
optical glass, is below 600°C, and the high growth
temperature induces the high stress in the film. But,
up to now, only a few papers reported on the synthesis
of NCD films by HFCVD in hydrogen-poor, argon-rich
CH,/Ar/H, mixture at the substrate temperature of 800
~950°C ™). To the best of our knowledge, there is no
report on the synthesis of NCD films by conventional
HFCVD method without Ar at the substrate temperature
below 600°C.

In this work, we investigated the effects of the ul-
trasonic pretreatment, substrate temperature and pres-
sure on the growth of smooth NCD films, which are
made by using conventional HFCVD technique at the
relatively low CH, concentration, low pressure ( ~ 7

Torr) and temperature ( ~550°C).
1 Experiment

Si wafers ( dimensions; 12 x 12 x0. 56mm’ ) were
first ultrasonically cleaned in acetone and subsequently
etched in 20% HF acid to remove the oxide layer on
the surfaces, then ultrasonically pretreated in slurry of
diamond powder ( grain size 20 ~30um) and acetone

for 1 h, followed by ultrasonically cleaning in acetone

for 3 times.
Our improved HFCVD system has been described
elsewhere'**!. The conditions of the three-step process

are presented in Table 1.

The substrate surfaces after nucleating and the
morphologies of as-grown film were observed by a field
emission scaning electron microscope ( FE-SEM) and
an atomic force microscope (AFM). The ND was esti-
mated by counting the grains on the FE-SEM photo-
graphs. A high-resolution laser Raman spectroscope
(A =514.5 nm) was used to characterize the films.

X-ray diffraction (XRD) measurment was performed

Table 1 The nucleation, growth and annealing parame-
ters of the three-step synthesis process

®1 ZSEBIBHBEK EKNBRHSE
CHy/H, T Ts Pressure  Total gas flow rate Time
(Vol.%) (€) (T) (Tom) (SCCM)  (hour)

Nucleation 2.5 ~2000 550 7 150 1

Growth  0.5~2.5* ~2000 550 7 150 4
Annealing ™ * 0 ~2000 =550 40~50 150 5.5

%  The best CH,/H, for NCD film growth was 1 ~1.5%.

* * In situ annealing from S50°C to room temperature at 100°C

intervals (1h in duration).

using CuKa radiation. The selected-area electron dif-
fraction (SAED) patterns were obtained by a transmis-
sion electron microscope (TEM). An UV-VIS spectro-
photometer and an IR spectrophotometer were used to
measure the transmittance spectra of the films. In order
to obtain the correct transmittance of the film, a dia-
mond film window on Si was made by chemical etch-
ing. The surface roughness and thickness of the films
were measured with a surface profiler. The adhesion
between the films and the substrates was examined by

pulling with adhesive tape.

2 Results and discussion

) we have reported the

In our previous papers
results of our study on the nucleation enhancement by
the ultrasonic pretreatment. The order of 10°cm~* ND
and smooth diamond films on the fused silica have been
obtained under optimal conditions. We have also ob-
served that lower nucleation temperature and higher
CH, concentration promote the nucleation. v

A well ultrasonically pretreated Si wafer was cut
into two pieces as the substrates to study the diamond
nucleation under different CVD conditions. The sub-
strate temperature and pressure were: (a) 800°C, 30
Torr and (b) 550°C, 7 Torr. The nucleation time was
15 min in (a) and lh in (b), respectively.

Fig. 1 shows the FE SEM photographs of the two
samples. From Fig. 1, it can be seen that the diamond
grain at 800°C and 30 Torr are bigger and the ND is
lower than that at 550°C and 7 Torr. The ND shown in
Fig.1 (b) is one order of magnitude higher than that in
Fig.1 (a), i.e. 3x10° and 1.5 x10" cm ™ in (a)
and (b), respectively. In our knowledge, such high

ND on Si is reported for the first time in the literatures.
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Fig. 1 FE-SEM photographs of diamond nucleation on the
pretreated Si  (a) 800°C and 30 Torr for 15 min (b)
550°C and 7 Torr for 1h. The other CVD conditions are all
the same. The NDs in (a) and (b) are 3 x10" and 1.5 x
10" em ™7, respectively

E1 ZF4MOESEESRas#e FE - SEM i
B (a) 800°C 30 Torr f#% 15 min (b) 550°C .7 Torr
B 1 h. HE CVD &44£2481F (a) F(b) PHIBEE
JEABI% 3 x10°F11.5x10" em ™

The morphologies of the diamond films grown at
0.5,1.5 and 2.5% CH,/H, (noted as sample A, B
and C, respectively) , 550°C and 7 Torr are shown in
Fig.2. From Fig. 2, it can be seen that the film mor-
phologies and the sizes of diamond grains are strongly
related to the CH, concentration. In sample A, the di-
amond nuclei grow to 100 ~ 200 nm grains with well
facets and some <111 > texture, due to the relatively
low concentration of active hydrocarbon radicals for
secondary nucleation, no secondary nuclei appear in
the nucleation step. For the samples grown at higher
CH, concentration ( B and C), the secondary nuclea-
tion appears, resulting in the final grain sizes smaller
than 50nm and smooth films (see Fig. 2 (b) and
(¢)). In our work, no micro-crystalline diamond
grains coexist in the films, it is better than that repor-

ted by Zhang et al'* .

Fig.3 (a) and (b) show the AFM images of the
morphologies of sample A and B, respectively. The
AFM image of the sample C is almost the same as that
of sample B; hence, it is not shown here. It can be
seen clearly that the grain sizes are in the range of 50
~200nm in (a) and 30 ~50min in (b). The grain
sizes are more uniform and the surface is much smooth
in (b) than that in (a), same as observed by FE-SEM
in Fig.2. In Fig.3 (b), larger grains are composed of
small diamond particles ( ~30nm), while in Fig.3 (a),

Fig.3 The AFM images of the films grown at CH, concen-
tration (a) 0.5% and (b) 1.5%

B3 FiffCH, ETERKMBRET AFM B4 8
(a) 0.5% (b) 1.5%

Table 2 The thickness, growth rate, surface roughness,
grain size and light transmittance at 700nm
wavelength of the films grown at different CH,
concentration

®2 TECH, RETEKHNELANEE EKEE R

E AR B BRI/ B 700nm E KR KT SR

Samples Thickness Growth rate Surface roughness Grain size  Transmittance at 700nm

(CHyHy) (nm)  (omv/h) (nm) (nm) (%)

A0.5%) 450 112.5 1.5 50~200 S5

B(1.5%) 390 97.5 4 30~50 71

CLS%) M0 ® 15 3050 (fail to obtain unbroken
film)

Fig.2 The FE-SEM photographs of the surface morphologies of the films grown at different CH, concentration (a) 0.5%

(b) 1.5 and (c¢) 2.5%

B2 FlF CH, #E FAEKNBRELARK FE-SEM BBl (a) 0.5%

(b) 1.5% (c)2.5%
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large grains ( ~200nm) are single-crystal particles.
Fig.4 is the XRD spectra (a) and one of the
SAED patterns (b). From Fig.4(a), the peaks at 26
=43.90° of the sample A, B and C ( spectrum 1,2
and 3, respectively) can be seen, which corresponds
to the (111) peak of cubic diamond. The large full
width at half maximum ( FWHM) of the (111) peaks
is well correlated with small grain sizes of the films,
and the FWHM increases with the increase of CH, con-
centration. Fig.4(b) is the SAED pattern of the sample
B; the SAED patterns of the other two samples are simi-
lar to the pattern shown in Fig. 4(b), therefore, they
are not shown here. In Fig. 4(b), the SAED pattern
with three circles indicates that the diamond grains have
a random orientation. The circles correspond to the cu-
bic diamond (111), (220) and (311) reflections.
Fig.5(a) is the measured Raman spectra of the
samples. The fitting spectra of the sample A and B are
shown in Fig.5(b) and (c¢), respectively. The fitting
spectra of the sample C is similar to that of the sample
B and not shown here. As shown in Fig. 5(b) and
(c), the measured Raman spectra were resolved by
computer. The computed spectra were generated as a
superposition of six ( Fig. 5(b)) and five components
(Fig.5(c) ), respectively. The two strong peaks at
1350 and 1580 cm ™' are due to the “D” and “G”
band of graphite, respectively. The Raman intensity of
sp’ bond is nearly 50 times higher than that of sp’ bond
(6> with the 514. 5 nm laser excitation, therefore, the

amount of sp’-bonded carbon in the films is small. In

(a) (111)

l/a.u,

40 42 44 46 48 S0
20/°)

Fig.4 (a) The XRD spectra of the films grown at 0.5,
1.5 and 2. 5% CH,/H,, corresponding to spectrum 1,2 and
3, respectively (b) SAED pateern of the film grown at
1.5% CH,/H,

B4 (a)0.5,1.5fM2.5% CH,/H, ®E T £ KHEL
X-HE g, A RIxnEHE 1,2 /M3 (b) 1.5%
CH,/H, ¥R BT A K BB B 328 X /T

Fig. 5 (b) , a relatively small and sharp peak at
1333cm ™", which is the characteristic Raman peak of
the diamond, indicates the existece of sub-micron
grains in the film, as shown in FE-SEM (Fig.2(2))
and AFM (Fig.3(a)) images.

The two peaks at 1140 and 1480cm ™' are com-
monly assigned to NCD, and the peak near 1200cm '
is also found in diamond nanocrystals'”’. From the
computer-resolved spectra in Fig. 5(b) and (c), the

Raman peaks near 1140, 1200 and 1480 cm ™' are

@ 1333 1480 560
i 1356 |

la.u.

1000 1200 1400 1600 1800 2000
o/em!

®

Nano-diamond

Ia.u.

{ Cubic-Diamond

1000 1200 1400 1600 1800 2000
o/em’!

Nano-diamond

f/a.n.

C

1000 1200

1400 1600 1800 2000
g femt

Fig.5 The Raman spectra (a) the films grown at 0. 5% ,
1.5% and 2.5% CH,/H,, corresponding to spectrum 1,2
and 3, respectively (b) and (c) the computer-resolved
spectra of the spectrum 1 and 2 in (a), respectively

° experimental points — computer-fitted spectra - com-
puter-resolved components

B'S Ramanif (a) 0.5,1.5f12.5% CH, IE T4
KB, 2RI B 1,2 #1135 (b)Fi(e) B(a)
W12 Mt E PR

o MEHE — tENMAE - THRENEE
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clearly seen.

The transmittance at 700 nm wavelength of two
samples is listed in Table 2. The sample C is too thin
to obtain an unbroken film; hence, the transmittance
data of this sample were not obtained. The transmit-
tance of NCD films is affected mainly by the absorption
of the films and the light scattering.at the films’ sur-
faces. The transmittance ranges in 40 ~80% in VIS-
NIR wavelength and rapidly decreases to almost zero
from the wavelength less than 300 ~ 200nm, this
proves again that the quality of NCD films is quite
good.

Since the thicknesses of the samples are different,
absorption coefficients of the films were calculated from
the transmittance data and plotted in Fig. 6. The ab-
sorption coefficient curves of the two samples alternate
from UV to NIR range, there is no obvious difference
between them in this experiment. The surface rough-
ness of the sample A is still small, compared with mi-
cro-crystalline films. In order to obtain high transmit-
tance of NCD films, a compromise should be reached
between the surface roughness and the quality of NCD
films. The absorption coefficient spectra in Fig. 6 are
deduced from transmittance spectra supposing zero re-
flectance, which may result in; (1) higher absorption
coefficient than the real value; (2) existence of Fres-
nel interference effect in these spectra, due to multiple

reflections at the diamond-air interfaces.

3 Summary

The ND and CH, concentration strongly influence

the morphology and micro-structure of the diamond
film. With the increase of CH, concentration, the dia-
mond grain sizes change from sub-micron to nano-meter
scales. ND as high as 1.5 x 10" ¢cm ™ was obtained on
ultrasonically pretreated Si substrate at 2. 5% CH, at
nucleation step. Ultra-thin NCD films with grain sizes
less than 50nm, surface roughness lower than 4nm and
thickness less than 500nm have been synthesized at
550°C, 7Torr and 1.5% CH,/H, at growth step by our
conventional HFCVD technique. NCD films have 40 ~
80% optical transmittance and absorption coefficient
<2 x 10°cm™" in VIS to IR wavelength range. The
good adhesion of NCD films has been achieved. NCD

7X10*
6X10*
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3X10
2X10*
1X10*

(a)
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20x10¢{ ® lcol
—'E 1.6 X104
L
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Fig. 6 The absorption coefficient spectra of the films grown
at 0.5% (spectrum 1) and 1.5% CH,/H, (spectrum2) in
(a) UV-VIS-NIR range and (b) IR range

B6 0.5F1.5% CH, ¥REE T4 K BRI R H0%
(5rpixt R 1 FIiE2)  (a) UV-VIS-NIR 3%  (b)
IR 1%

films obtained can be used as optical protective coat-

ings on optical materials such as optical glass.
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