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Abstract

Diamond films were formed by pulsed discharge DC plasma chemical vapor deposition (CVD), whereir
discharge timeT;) and nondischarge timd&{ during each period of the pulse were changed. A subelectrode ¢
short distance from the cathode was also laid to provide stable discharge between the cathode and the s
(anode). The discharge curremf) (between the cathode and the substrate was controlled by the voltage of
pulsed power supply and by the bias voltage to the anode. The crystalline quality of the films deposited ¢
silicon substrate became superior whigrdecreased and, increased, although the deposition rate decreased. T
optimum values offy and T, to deposit high-quality film without decreasing the deposition rate were 0.5 and 2
respectively. Corresponding to these structural changes, the emission intensity of the hydregmenHMin the
plasma increased when the deposition rate increased. The discharge was possible uptof ligbut 300 torr
and the crystalline quality and deposition rate were extremely improved Ryheas increased to about 200 torr
The increase of the emission intensity of t8gether with H and H was observed wheR;increased. The
discharge at low, was also possible and could be deposited on small specimen such as fine tungsten wire of
100 um in diameter, which was used for field emission experiments. The field emission from the tungsten
increased extremely when appropriate diamond film was coated. These results show that the crystalline «
and deposition rate can be controlled over a wide range by this method.
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1. Introduction

The DC plasma chemical vapor deposition (CVD) method at high gas pressyesapout 150
torr is an excellent method for depositing diamond film at relatively low substrate temper:
(T9).** The crystalline quality of the diamond film can also be improved by changing the wavef
of the power supply from continuous DC to half-wave rectfi€dVhen a half-wave-rectified
voltage is applied to the electrodes, the discharge becomes intermittent, and electron temp
and density become very high at the beginning of the discharge, showing that the gas dec
sition efficiency is improved by this method. Furthermore, when the discharge is performe
pulsed power supply, the microstructure of the film can be controlled by means of changing
ratio and repetitive period of the puls¥.

On the other hand, studies on the formation of diamond films by intermittent discharge pl:
CVD show that the crystalline quality of the film becomes superior with increasing distance
tween electrodes from 10 to 20 mm. However, the discharge at longer electrode distance be
quite unstable and sometimes impossible to start the discharge as the voltage becomes ve

'Presented at the Indo-Japanese Workshop on Microsystem Technology held at New Delhi during Nove
23-25, 2000.
o
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Then, to maintain stable discharge at longer electrode distance, a subelectrode located clc
the cathode was introduced, and the substrate was biased with another DC poweiTkapp
results of this method using subelectrode show that the crystalline quality of the film bec
superior when the electrode distance is about 20 to 25 mm, compared to 10 of*3thismethod

is also effective in changing the discharge current widely and to maintain the stable disc- ha
very low discharge current.

In this study diamond films were prepared by pulsed disgbglasma CVD method using
subelectrode. In the first phase, structural changes due to dischargé&jirmed( nondischarge
time (T,) were investigated by scanning electron microscopy (SEM) and Raman spectrokeop
discharge at high gas pressuRg) (became possible by this method, and then in the seco
structural changes due g were investigated. Spectroscopy studies of optical emission from
plasma during deposition confirm these results. The discharge htwas also possible by this
method, and then finallgeposited small specimens such as a fine tungsten wire of abgum 10
in diameter were deposited and the effect of coating to the field emission was investigated

2. Structural changes due to discharge and nondischarge time
2.1. Experimental method

Figure 1 shows a schematic diagram of the CVD system used in the present experiments. Af
chamber was pre-evacuated to about tr, by turbo molecular pump, GHH, gas mixture was
supplied to the chamhefhe CH/(CH,+H,) ratio, i.e. methane concentration, was 3%. The g
pressure and the flow rate were 150 torr and 10 ccm, respecfineBi wafer chip of about’65
mm was used as the substrate. The substrate was mounted on to the substrate holder (of
mm in diameter) after being scrubbed with diamond paste and rinsed with acetone in an ultr:
cleaner The substrate was heated to ®@and the deposition time was 2 h.

The cathode and the subelectrode were made of molybdenum plates of 0.2 mm thicknes
cathode was prepared by bending the molybdenum plate so that the bent tip becomes r
and a cut chip of the molybdenum plate was used as the subelectrode. In the present expel
the distance between the cathode and the subelectrode (L) was about 15 mm and about
between the cathode and the substrate (d).

The pulse power supply was fabricated by means of chopping the output of the DC p
supply with IPM (intelligent power module) and elevating the voltage by a transformer (Fig
The discharge timél{) and nondischarge tim&}, which correspond to ON and OFF times of th
IPM, were controlled by the pulse generator (PG).

When the pulsed voltage was applied to the cathode, where the substrate bias Vgltac
supplied from the DC power supply was zero, discharge took place between the cathode &
subelectrode, while no discharge was seen between the cathode and the substrate. The
from the pulse power supply;)(had a pulsed waveform and could be changed by changing
voltage from the power suppWhen the positive substrate bias voltagé Wwas increased under
this condition, discharge between the cathode and the substrate began and became stron:
increasingVs. Figure 3 shows typical waveforms of the discharge voltage (b) and curren
between the cathode and the substrate, corresponding to the waveform of the PG (a)._|'_|' |
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Fic. 2. Scheme of pulsed power suppQutput of DC
Fic. 1. Scheme of pulsed discharge plasma CVD systempower supply is chopped by IPM (intelligent power
using subelectrode. module) controlled by PG (pulse generator).

charge voltage increases to threshdg) 6f about 700 V initially and then decreased/jaf
about 400 VThe dischage current increaseslipafter threshold level, and decreases d8ftefhe

strength ofls could be changed both by output voltage of the pulsed power suppl and

Figure 4 shows the changelinvhenV;is changed, wherg; = 0.5 ms and,, = 2 ms and the
current from the pulse power supply\at= 0 () is changed from 0.5 to 1 A. The discharg
between the cathode and the substrate begins at avgen800 V and can be changed from
about 0.5 to 1.2 A. Because of the stable discharge between the cathode and the subelectr
discharge between the cathode and the substrate became stable at the widegange of

2.2. Structural changes due to discharge timg) (T

Figure 5 shows SEM micrographs on the surfaces of the samplegwiehanged from 0.75 to
0.25 ms under a constaftof 2 ms. The discharge currehj flenoted in Fig. 3is 0.75 A. Whép

is decreased from 0.75 to 0.5 ms, grains in the film develop clear crystal growth habit, and
further decreased to 0.25 ms, become sparse. Figure 6 shows Raman spectra of the sample
in Fig. 5. In agreement with the results of SEM shown in Fig. 5, the peak at 1338 diamond
becomes strong and sharp whgrs decreased from 0.75 to 0.5 ms. When further decrease
0.25 ms, the broad peak of the amorphous component sifts from around 1500 to 1400 egh
the peak of diamond becomes small. The results show that the crystalline quality of the
becomes superior whé is decreased to 0.5 ms, and the deposition rate decreases when f
decreased to 0.25 ms.

2.3. Structural changes due to nondischarge timg (T

Figure 7 shows SEM micrographs on the surfaces of the sample3yibehanged from 1 to 2.5
ms under a constaii of 0.5 ms. The other deposition conditions are the same as thosz_o
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Fic. 3. A typical waveform of PG. (a) discharge voltageFic. 4. Change of discharge currehf (when substrate
(b) and current (c) between the cathode and the subeltage ¥, is changed, where currerit, from pulse
strate. power supply al= 0 is changed from 0.5 to 1 A.

samples shown in Figs 5 and 6. WHegis increased from 1 to 2 ms, grains in the film come to ha
clear crystal habit, and when further increased to 2.5 ms, become sparse. Figure 8 shows
spectra of the samples shown in Fig. 7, whda changed from 1 to 2 ms. In agreement with th
results of SEM shown in Fig. 7, the peak of diamond at 133%eoomes strong and sharp with
increasingr,,. These results show that the crystalline quality of the film becomes superiofyvhe
is increased to 2 ms, and the deposition rate decreasedSyikdnrther increased to 2.5 ms.

2.4.Emission spectra from plasma

Spectral intensity of plasma during deposition was measured to estimate the structural ct
due toTy andT,. Strong peaks of Hat 656 nm and pHat 486 nm, and weak peaks ofdt 434 nm,
CH at 431 nm and Lat 516 nm were observed. Wh&nandT, were changed, the emission
intensity of H(l,..) and H(l,5) was fairly changed, though the changes in the weak peaks were
clear

T4=0.75 ms

0.5 ms

to 0.25
4

2
Fic. 5. SEM micrographs on the surfaces of the samples when the dischargé&,fimecfianged from 0.
ms. Nondischarge timeTy) is 2 ms.
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Fic. 6. Raman spectra of the samples shown in Fig. 5ric. 8. Raman spectra of the samples shown in Fig.
whenT, is changed from 1to 2 ms.

T,=1ms 1.5 ms 2ms 2.5 ms 2um

Fic. 7. SEM micrographs on the surface of the samples Whes changed from 1 to 2.5 ms under a consfant
of 0.5 ms.

Table | shows the changeslipandl,; whenT, is changed, where the intensity is normalize
so that the highest value becomes 100%. Wh&hdecreased from 0.75 to 0.50 ms, the decrea:
in l,4, andlyz are small, but become considerably large when further decreased to 0.25 ms.
these decreases correspond to the decrease of the deposition rate shown in Fig. 5 and
that atomic hydrogen has important role to play in the growth of diafond.

Table 1l shows the changes lig, andl; whenT, is changed from 1.0 to 3 ms, where the
intensity is normalized so that the maximum value becomes 100%. Wséncreased from 1.0 to
2.0 ms, the decreaseslip andl,;; are small. Howevewhen increased from 2.0 to 2.5 ms, th
decreases become considerable. The decreasgsaoi |,,; correspond to the decrease of the
deposition rate shown in Fig 7. .
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Table |

Emission intensities of H(ln.) and Hg (I4p)
of the plasma, when discharge timeT,) is
changed from 0.75 to 0.25 ms. Théy.and |y,
are normalized so that the maximum value
becomes 100%.

_|_

Table Il

Emission intensities of H (Iy,) and Hg (Ig)
of the plasma, when nondischarge timeT)
is changed from 1.0 to 3.0 ms. Théy, and Iy
are normalized so that the maximum value
becomes 100%.

Ty (mMs) 1ha(%0) 115(%) T, (ms) 1ha(%) Ins (%)
0.75 100 100 1.0 100 98
0.50 95 98 1.5 100 100
0.25 67 73 2.0 96 99
2.5 85 90
3.0 75 80

3. Structural changes due to gas pressurey)
3.1.Experimental

By using the subelectrode mentioned above, the discharge at high gas peJseeame
possible and the crystalline quality also improved extremely Whems risen to above 200 torr

In this experiment, on the structural changes diR, tthe thermocouple located near the sut
strate could not be used at hiBlbecause of arc discharge to the thermocouple, and the <
strate temperaturdy) was measured by an optical thermomdtee measuret, was about 90T,
and the methane concentration was 1%. The other experimental method is similar to those
tioned in Section 2.1.

3.2. Structural changes

Figure 9 shows SEM micrographs on the surfaces of the sample®yis@hanged from 150 to
300 torr The dischage currentl) denoted in Fig. 3is 1 A. The discharttime {y) and nondischge
time (T,,) are 0.5 and 2 ms, respectivélyhenPyis increased from 150 to over 200 fgrains in the
film develop clear crystal growth habit. Figure 10 shows Raman spectra of the samples shc
Fig. 9. In agreement with the results of SEM shown in Fig. 9, the peak of the diamond at
cm™becomes strong and sharp whgis increased from 150 to 200 tofihese results show that
crystalline quality of the film becomes superior wifgris increased to more than 200 torr

3.3.Optical emission from plasma

Figures 1 (a) and (b) show changes in the emission intensity, (f,lJ and H (1,45), respectively
whenT, andP, are changed, under a constif 0.5 ms. Whe?, is increased from 150 to 300
torr, these emission intensities increase. Whga increased to 2 ms, the decreasek, aindl,y;
are small. These decreases become considerably larg&yihdarther decreased. This tendenc
is similar to the results mentioned in Section 2.4.

Figure 11(c) shows changes in the emission intensity, @fenT, andP, are changed. The
intensity of G decreases whefly increases and increases with increaBjpgnd becomes compa-
rable tolys. The improvement of crystalline quality shown in Figs 9 and 10 may be cause

increase in €
.
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Fic. 9. SEM micrographs on the surfaces of the samples when gas pré&gsusechanged from 150 to 300, and
T, are 0.5 and 2 ms, respectively
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4. Field emission

In this method, the discharge at small current is possible, and can deposit the diamond film:s
the small substrate. In this experiment, the diamond films were deposited on a fine tungsten v
100um in size and the characteristics of the field emission were measured. The discharge c
(I) was 0.4 A, and the methane concentration was 3%. The measurement of the field emissi
performed at Nagoya Institute oédhnology>**

Figure 12 shows SEM micrographs of the fracture surface of the sample deposited ¢
tungsten wire. The repetition period and duty ratio of the pulsed discharge current were 5 v
20%, respectivelyThe diamond film is coated uniformly on the tungsten wire.

The effect of the diamond coating on the field emission was investigated by using the sal
prepared by changing the deposition conditions. The results showed that the emission d
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1
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Fic. 11. Change of emission intensity of (a), Hb) H;and (c) GwhenT, is changed from 1.5 to 3 ms, and gas
pressurePy is changed from 150 to 300 torr

occur when the crystalline quality of the coated film was supenmt considerable improvement
was observed when inferior film was coated.

Figure 13 shows the field emission characteristic of the tungsten wire and the samples ¢
with low-quality diamond film. The repetition frequendity ratio and currentd were 200 Hz,
30% and 0.4 A, respectivelfhe gap between the sample and the electrode was 0.05 mm.
emission current of the tungsten wire was not observed at room temperature. The emission
of the sample coated with the diamond film flows as shown in the figure. When the tungster
is heated to 1000 K, the emission current begins to flow at the applied voltage of about 17
While the emission current of the coated sample begins to flow at lower voltage of abouh800
value of the current becomes extremely large. Then, the field emission from the tungsten v
vastly improved by the coating of the appropriate diamond film.

4. Summary

Diamond films have been formed by pulsed discharge plasma CVD, whgr@id T, in each
period are changed and a subelectrode located closely to the cathode is introduced to p
stable discharge between the cathode and the substrate. The dischargelgupetntegn the
cathode and the substrate can be controlled widely by changing the output of the pulse
supply and bias voltage to the substrate. The crystalline quality of the film becomes superior
T4 decreases anf, increases. The deposition rate decreases Wheecreases less than 0.5 m:

pe—
W

10um 10um
Fic. 12. SEM micrographs of the fracture surface of the sample deposited on the tungsten wire.
1
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andT, increases more than 2 ms. The optimum valug; @ndT, to deposit high-quality film
without decreasing the deposition rate are 0.5 and 2 ms, respedthelgmission intensities of
H. and H; from the plasma decrease when the deposition rate decreases. The discharge is p
up to highP, of about 300 torrand the crystalline quality and deposition rate are extreme
improved wherPis increased to more than 200 tdfhe increase in the emission intensity of C
together with | and His observed wheR, increases. The discharge at Ipwas also possible
and can deposit on small specimen such as fine tungsten wire of abpuh 19@iameterThe
field emission from the tungsten wire is extremely improved by the coating of the low-qus
diamond film.

These results show that the crystalline quality and deposition rate can be controlled c
wide range by this method and can use for various kinds of coating.
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