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Diamond nucleation on mirror-polished Si was enhanced by electron emission using hot filament
chemical vapor deposition. The nucleation density wa8 &® 2. The mechanism of diamond
nucleation is carefully discussed. It is surmised that it is electron emission that is responsible for the
enhancement of the diamond nucleation in our experiments19@6 American Institute of Physics.
[S0003-695(196)04817-0

Great progress has been made in diamond synthesis g emit electrons during the nucleation stage. No bias was
chemical vapor depositiofCVD) in the past several years. applied to the substrate. Both cases gave rise to no positive
Owing to the alluring applications in electronics of epitaxial ion bombardment of the substrate surface. The source gases
thin diamond films, many efforts have been made to get used were Cljand H,. Mirror-polished 10 15 mnt p-type
high density nucleation on mirror-polished Si, which is theSi(100 wafers were used as the substrates. They were
most popular substrate for diamond deposition as of todaychemically cleaned with acetone in an ultrasonic bath for 10
In microwave plasma CVOMPCVD) system, negatively min, followed by 1 minute’s rinse in 30% vol. HF solution.
biasing the substrate has been proved an effective method Tthe experimental conditions are as follows: gas flow rate
enhance the nucleatidri. However, the mechanism of this was 200 sccm; Clconcentration, 3.5%; pressure, 30 torr;
bias method is unclear. It is speculated by many researchefdament temperature,~2000 °C; substrate temperature,
that the bombardment of the positive ions in the plasma i§00-750 °C; dc voltage, 250—300V; electron emission cur-
responsible for the enhanced nucleafichHowever, there rent, 150—200maA.
is no direct evidence as yet. Figure 2 shows the SEM image of a sample after 15 min

In HFCVD, the difficulty in obtaining high nucleation nucleation using the dc voltage setting as in Figp).1The
density on mirror-polished Si has been resolved. Recentlysetting in Fig. 1b) gave very similar results. The nuclei are
we® reported success in this regard by a negative bias nuclavell faceted. From this figure, the nucleation density was
ation method, which was similar to that used in MPCVD. In measured to be approximately 86m 2. Since the nuclei
that paper, we speculated that the electron emission from thgere relatively big, considering that neighboring nuclei may
diamond film coating the Mo substrate holder was responhave combined, the actual density is probably a little higher.
sible for the enhanced diamond nucleation in terms of the In Ref. 5, we used the configuration in Fig. 3, where the
differences in the ion amounts between HFCVD andsubstrate was negatively biased, to get high density nucle-
MPCVD system. Yet it may not be considered fully persua-ation. The density attained was®16m™2, greater than that
sive owing to the similarity of our method to that used inin Fig. 2, because of the higher substrate temperg®06
MPCVD. To make it clear, it is important to employ an °C) and the slightly larger emission curref00 mA) used.
innovative apparatus configuration in which there is electron
emission and there can be no positive ion bombardment.

X X filament

The purpose of this letter is to present such a new nucle-
ation method, which serves as direct evidence for the
electron-emission-enhancemefffEE) mechanism of the a“_?_d,e cathode
diamond nucleation on mirror-polished silicon. High density w Si w
n_ucleation was achieved simply by _electron_emissiqn. No substrate holder
bias was applied to the substrate. This work, in combination
with our previous reports,demonstrates the validity of the @

EEE nucleation mechanism.

Our experiments were carried out in a conventional filament
HFCVD apparatus as reported in Ref. 5 with a little modifi- (O—+anode
cation in the layout of the dc electrodes. Two different set- cathode cathode
tings were used, as shown in Figgajland Xb). In Fig. 1(a), R Si W
the dc voltage was applied to the two tungsten electrodes. In .

Fig. 1(b), negative dc voltage was applied to the two W substrate holder
electrodes while the filament was dc grounded. All the dc ®)

electrodes were coated with diamond films, which were used
FIG. 1. Schematic diagram of the electrode layout in the experiments,
viewed along the filament. The W electrodes were covered with diamond
dpresent address: Department of Physics, University of Chicago, 5720 Silms. (a) The dc voltage was applied between the two W electro@@&he
Ellis Ave., Chicago, IL 60637. two W electrodes were used as the cathodes, while the filament was the
Electronic mail: gchen@midway.uchicago.edu anode.
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and enhanced the reactions causing diamond nucleus genera-
tion. They also argued that accelerated ions removed amor-
phous carbon and increased the bond strength between dia-
mond nuclei. B. R. Stoneet al® advanced several possible
mechanisms based mainly on the ion impact hypothesis to
interpret the nucleation enhancement by the negative bias
method. X. Jianget al* claimed that the bias-enhanced ion
bombardment improved the adatom diffusion and was re-
sponsible for the diamond nucleation. Compared with
MPCVD, however, there exists a much smaller amount of
ions in HFCVD systen§:’ Yet one still can get high density
nucleation by HFCVD using a similar negative Biasd the
scheme used in this letter. Therefore, it is believed that posi-
FIG. 2. The SEM image of the sample after 15 min nucleation. The flowtiV€ i0N impact is not the true mechanism.
rate 200 sccm, Chconcentration 3.5%, pressure 30 torr, filament tempera- ~ Recently, R. I. Cherryet al.” reported their work on
ture 2000 °C, substrate temperature 700—750 °C, dc voltage 250-300 V, dgnic contribution in HFCVD. The maximum bias current
current 150-200 mA. observed was less then 10 nA. They attributed it to an ion
current mechanism. However, under typical parameters
Indeed, it is found that the nucleation density decreases witlyrowth rate: 1um/h; CH, concentration: 2% vol.; flow rate:
decreasing emission current and lower substrate temperaturen0 sccm, substrate area: 1 Jmsimple rough calculation
One may note that there are two drawbacks in our preserfemonstrates that onlyx110~° of the species which contrib-
experimental configuration. One is that the electron emissiofte to the diamond growth can be ionic, and that only 1
current can not be large enough because of the small diamk 1072 of the total hydrocarbon species contribute to growth.
eter of the tungsten electrodess{ mm diameter when Thus only 2x 107 of all kinds of species are ionic. How
coated with diamond films The other is that the substrate could such a little proportion play an important role in either
temperature can not be very high because the W electrodegicleation or growth? In addition, the current likely comes
are located between the filament and the substrate and thefgom the electrons given off by the hot filament instead of the
fore lead to a relatively large filament-substrate distancepositive ions. Therefore, we firmly believe that there is only
However, our further experiments gave a similar density ofy very small amount of positive ions in a typical HFCVD
~10° cm ™2 using the negative bias configuratiéfig. 3 at  system, and that the ions play a minor role in diamond nucle-
approximately the same substrate temperature and the samgon in HFCVD.
emission current as in this work. Therefore, our results dem-  |n our previous report,we argued that it is the electron
onstrate that the electron emission is an effective method fogmission from the diamond coating on the Mo substrate
nucleation enhancement. holder that caused the diamond nucleation enhancement. In
As of today, the most successful method to achieve higlkygreement, our present result shows direct evidence that
density nucleation on mirror-polished Si is reportedly theelectron emission alone is sufficient to enhance the diamond
negative bias enhanced nucleation, mainly used in MPCVDyycleation without biasing the substrate. The electrons accel-
systems. However, the mechanism for this nucleation enerate in the dc electrical field, collide with and dissociate the
hancement is not yet clear. It has been attributed to the pOSh'ydrogen and hydrocarbon molecules and species, greatly
tive ion impact onto the substrate surface by many researclincrease the concentrations of atomic hydrogen and reactive
ers owing to the existence of a large amount of ions inhydrocarbon radicals, and eventually lead to the nucleation
plasma in a MPCVD system. The ion impact hypothesis wagnhancement. The negative bias is only a superfacial phe-
first advanced by S. Yuget al? They argued that the appli- nomenon, which may be misleading. As B. R. Stoeeal?
cation of a negative bias to the substrate accelerated the iofRsvealed, negative bias alone can not bring about enhanced
in the plasma to the substrate surface, and thus increasegicleation without electron emission.
active hydrocarbon species on/above the substrate surface W. zZhu et al® also reported nucleation enhancement by
a slightly modified negative bias method in their HFCVD
filament system. They argued that the hot filament generated the posi-
@_ +Anode tive ions, and so they adopted the ion bombardment mecha-
nism to interpret the results. They thought that the ions col-
lide with the gas and led to a purple color. However, it

DF Si DF should be observed that such a color can last for a relatively
. i i i i
M Cathode long time (e.g., 1 min or longerafter the filament is sud-
o . . e
denly switched off and thus loses its asserted ability to gen-
* DF denotes diamond film. erate ions. Meanwhile, the color always appears in contact

with the diamond coating on the cathode but far from the
FIG. 3. Schematic diagram of the electrode layout in the negative biagnode. These phenomena contradict their argument. We be-

nucleation experiment in Ref. 5. The substrate was negatively biased, whil ‘o
the filament was grounded. The parameter used are: flow rate 200 sccnﬁ,eve that the color was caused by the collision between the

CH, concentration 1.4%, pressure 40 torr, filament temperature 2000 °cEl€ctrons and the gas. _
substrate temperature 800 °C, dc bia260 V, dc current 200 mA. Our EEE method has also been tried on other substrates
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such as highly oriented pyrolyitic graphite, oxidized Si sur- 'R. F. Davis and J. T. Glass, idvances in Solid-state Chemisi@Al,
face. It always results in a high nucleation density. 2L0nd0n, 199}, Vvol. 2, p. 1.
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Si .Was achieved by eleCt.ron em|§S|on in a HFCVD SyStem'3B. R. Stoner, G.-H. M. Ma, S. D. Wolter, and J. T. Glass, Phys. Ret5,B
This result presents direct evidence for the electron- 11067(1992.
emission-enhancement nucleation mechanism. It is Specu+x. jiang, K. Schiffmann, and C.-P. Klages, Phys. ReGB8402(1994.
lated that the EEE nucleation mechanism is also true for theQ. Chen, J. Yang, and Z. Lin, Appl. Phys. LefZ, 1853(1995.
negative bias nucleation by MPCVD. 6J. C. Angus, Y. Wang, and M. Sunkara, Annu. Rev. Mater. $&i.221
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