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In this paper, we present experimental results regarding the growth of nitrogen-incorporated diamond films grown by
employing a microwave plasma CVD method. For grown films, cathodoluminescence (CL) characteristics are examined in
terms of growth conditions, such as gas mixture (N./(CH4+H5)) ratio and microwave power. From the CL characteristics the
relative intensity of the so called band-A (related to a didocation, |,) centered at 430 nm to the nitrogen-related band (Iy),
which is composed of two peaks centered at 578 nm (related to a nitrogen-vacancy complex) and at 637 nm (related to a
vacancy trapped at a substitutional nitrogen site). The effect of oxygen, which is added during diamond growth, on the CL
property is also investigated. In addition, the Raman spectra, XRD patterns, and field-emisson SEM morphologies are
analyzed for all the films grown.
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I ntroduction ed. In addition, the Raman spectra, scanning electron
microscope (SEM) surface morphologies, and x-ray
With a rapid development of chemical vapor depostion diffraction (XRD) patterns are presented for all the
(CVD) technology, CVD-produced diamond films are films grown.
considered to have potentia for high temperature and

high power electronic device applications [1]. Doping Experimental

of diamond with either n-type or p-type elements may

be one of the important procedures for implementing Polycrystalline diamond films were deposited on S
diamond-based eectronic devices [2, 3]. It has been (100) substrates using a 2.45 GHz microwave plasma
known for some time that p-type doped diamond films CVD method. The microwave power was varied from

can easily be prepared mainly using boron (B) because 800 W to 950 W (corresponding substrate temperature;
the formation energy of boron substitutional acceptors from 703+7°C to 725+3°C). The bias-asssted formation
is of negative value (-0.5 €V). In the case of n-type of diamond nuclei on Si was performed by applying a
doping, however, successful results rarely have been negative bias voltage of -200 V to the substrate. The

reported in the literature although many efforts have background pressure prior to the film deposition was
been made using various elements, such as lithium (Li), kept as low as 6.7x10™ Pa to minimize the effect of
phosphorus (P), and nitrogen (N) [3]. This may be why resdud elements which may remain inside the chamber.
alarge variety of systematic studies of n-type doping of In preparing undoped diamond films the CH,4/H, ratio
diamond is still required. was fixed at 0.5%, while for nitrogen-incorporated
In this paper, we present experimental results regard- films the N,/(CH4+H,) ratio was varied from 0% to 2.0
ing the growth of nitrogen-incorporated diamond films %. In addition, the oxygen-added films were grown at a
by microwave plasma CVD and the analysis of their fixed ratio of O,/(CH4+H)=0.5%.
cathodoluminescence (CL) characteristics [4]. The For al the grown films, Raman spectroscopy (System
effects of growth conditions, such as gas mixture (Ny/ 1000, Renishaw) was used to monitor the characteristic
(CH4+H,)) ratio and microwave power as well as the peaks which occurred at various wave numbers, such as
addition of oxygen on the CL properties are investigat- 1332 cm™ (representing the cubic-diamond), 1550 cm™

(reflecting the graphite-rdlated phase), 1140 cm™ (related
to the nano-sized diamond), and 1500 cm™ (related to

*C ding author: ed
Té’rf?éé).“gz'f‘%i‘ftm%% the amorphous carbon phase). The CL characteristics
Fax: +82-32-568-1180 were measured using an Oxford Mono CL system
E-mal: jshseo@neosemitech.com interfaced to a field emission SEM (JSM-6330F, JEOL).
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The CL emissions were collected by an elipsoida mirror
and the CL spectra were obtained a 20 kV (accelerating
voltage) and 12 pA (beam current). Crystal orientations
and film morphologies of deposited films were also
examined by analyzing the XRD (Cu-K radiation, 6-
20 scan, D/IMAX 2000 +Ultima, Rigaku) spectra and
field-emission SEM images, respectively.

Results and Discussion

The SEM surface morphologies for diamond films
grown at the different N,/(CH4+H,) ratios are depicted
in Fig. 1(@~(d). It was found that increasing the N,/
(CH4+H,) ratio made a little dteration in the surface
morphology from the truncated-octahedral shape of
larger grains (mainly for undoped film) to the pyramid-
like shape of smaler grains (mostly for nitrogen-
incorporated films). The film grown at a higher N,/
(CH4+H,) ratio (2%) exhibited a cauliflower-like struc-
ture composed of small pyramidal grains. This may be
explained by the previous report [5] that the incorpo-
ration of substitutional nitrogen atoms in diamond may
play a significant role in the distortion of the diamond
lattice since the bond length of C-N is longer by about
36% than that of C-C.

Figure 2(@) and (b) show the CL characteristics
obtained from grown films, in terms of N,/(CH4+H))
ratio varying from 0% to 2%. With increasing the N,/
(CH4+H,) ratio, the CL intensities were reduced, which
was believed to be due to the decrease of grain size as
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dready shown in Fig. 1. From the CL spectra, three
distinguishable emission bands were observed; 1) the
so-called band-A centered at about 430 nm (related to
growth-induced didocations), 2) nitrogen-related emission
bands which are composed of two peaks centered at
578 nm (a nitrogen-vacancy complex) and 637 nm (a
vacancy trapped at a substitutional nitrogen site), 3) a
Si-defect related band centered at 738 nm [3-4, 6]. No
nitrogen-related bands were observed for undoped
films or the film grown a a very low Ny/(CHz+H,)
ratio (0.2%), while the nitrogen-related emission rather
than the band-A emission became more conspicuous
with further increase in the Ny/(CH4+H,) ratio (0.5~2
%).

The relative intensity ratio of band-A to the nitrogen-
related band (denoted by 1,/1y) may reflect the incorpo-
ration of nitrogen into diamond films [3]. The I/ly
values were estimated from the CL spectra shown in
Fig. 2(a) and (b) and are depicted in Fig. 3, aong with
the preferred orientations, represented by |(2,0)/1(111) and
[0/l (111, which were analyzed from their XRD
patterns. It was clearly established that the 1,/ly vaue
was significantly reduced when the No/(CH4+H,) ratio
exceeded 0.2%. In addition, it has been claimed [4, 7,
8] that the nitrogen-related band is often observed for
(100)-oriented diamond with the band-A for (111)- and
(220)-oriented diamond. However, this may not be the
case in our study. The variations of 1 0/l111) and | 1o/
lay shown in Fig. 3 indicate that the preferred
orientation of diamond films with relatively strong

ARG BAT L, TN i, 3 AR T

Fig. 1. The FE-SEM images of diamond films grown at 800 W; (a) No/(CH4+H2)=0%, (b) No/(CH4+H,)=0.5%, (€) No/(CH4+H,)= 1.5%, (d)

N,/(CH4+H,)=2.0%.
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Fig. 2. The CL spectraof diamond films grown a 800 W, in terms
of No/(CH+H,) rétio (0~2.0%).
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Fig. 3. Reationships between CL properties (Ia/ly) and XRD
orientations (1 2201111y @d l(100/1(111)) Of diamond films grown &t
800 W, interms of No/(CH4+H,) ratio (0~2.0%).

nitrogen-related band intensities (i.e., relatively small
Ia/ly values) may be represented mainly by the (111)-
orientation, rather than the (100)-orientation.

The microwave power applied during deposition was
changed from 800 W to 950 W for nitrogen-incorporat-
ed films grown a No/(CH;+H,)=1.5% and their CL
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Fig. 4. The effect of microwave power (800 W and 950 W) on the
CL Spectra (Nz/(CH4+H2):15°AJ)

spectra are compared in Fig. 4. It was found that all the
films revealed very similar CL spectra, while the 14/l
value was dightly increased from 0.88 for 800 W to
0.92 for 950 W. Although the dependence of CL property
on the applied power was amost inconspicuous on the
whole, it was noted that for the film grown a a
relatively higher power (950 W) the peak at 637 nm,
rather than the peak at 578 nm, governed the nitrogen-
related emission band.

To examine the effect of oxygen on the CL property,
the SEM surface morphologies and Raman spectra
were measured for nitrogen-incorporated diamonds
(N2/(CH4+H2)=0.5%) grown without oxygen and with
oxygen (O,/(CH4+H,)=0.5%), and these are depicted in
Fig. 5(a)~(d). The film grown without oxygen exhibited
the typica morphology of a micro-crystalline film with
agrain size of about 1 um (see Fig. 5(a)). On the other
hand, the oxygen-added diamond film, as shown in Fig.
5(b), showed a surface morphology composed of spherica
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Fig. 5. The FE-SEM images ((a) and (b)) and Raman spectra ((c)
and (d)) of nitrogen-incorporated diamond films grown a N,/
(CH4+H,)=0.5 % and 800 W; (a) and (c) without oxygen, (b) and
(d) with oxygen (O,/(CH4+H2)=0.5%).
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Fig. 6. The CL spectra of nitrogen-incorporated diamond films
grown a N/(CH4+H,)=0.5% and 800 W ( [ ; without oxygen, ¢ ;
Oz/(CH4+H2):O.5%).

diamond grains, which indicated the co-existence of
nano-sized and micro-crystalline diamond grains. The
weak peak observed at 1140 cm ™ in the corresponding
Raman spectrum (Fig. 5(d)) may aso reflect the existence
of nano-sized diamond grains.

Figure 6 shows the corresponding CL spectra of the
films shown in Fig. 5. By the addition of oxygen, the
band-A intensity was significantly lessened, but the
nitrogen-related band dominated the CL spectrum; the
Ia/ly value of the oxygen-added film was much lower
(0.17) than that (1.46) of the film grown without
oxygen. From the variation of the CL spectra shown in
Fig. 6, it should also be noted that the nitrogen-incor-
poration into diamond may proceed more effectively
when the oxygen is added during the film growth
process, while the crystal quality of the film grown
may be degraded a little by the addition of oxygen.

Conclusion

CL characteristics, surface morphologies, Raman
spectra, and crystal orientations of nitrogen-incorpo-
rated diamond films grown using a microwave plasma
CVD method were examined as a function of various
growth conditions. It was found that the surface mor-
phology of grown films was atered by changing the
No/(CH4+H,) ratio from a truncated-octahedral shape
of larger grains (mainly for the undoped film) to a
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pyramid-like shape of smaller grains (mostly for nitro-
gen-incorporated films). The nitrogen-related emission,
rather than the band-A emission, became conspicuous
when the film was grown at higher N/(CH4+H,) ratios
(0.5~2%). It was also clearly established that the 1/l
value was significantly reduced as the No/(CH4+H,)
retio exceeded 0.2%. From the observation of /1111
and lo/la11) in XRD patterns, the preferred orienta-
tion of diamond films with relatively small 1,/ly values
was found to be characterized mainly by the (111)-
orientation, rather than the (100)-orientation. The oxy-
gen-added diamond films showed a surface morpho-
logy composed of spherical diamond grains, which
indicated the co-existence of nano-sized and micro-
crystaline diamond grains and a lower [/ly vaue,
compared with the film grown without oxygen. In
addition, it may be suggested that the nitrogen-incorpo-
ration process into diamond can be further activated
further by adding the oxygen during film growth.
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