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Localized {100} fiber textured diamond films were grown by addition of 20-200 ppm nitrogen into 
the gas phase during hot-filament chemical-vapor deposition (CVD). Cathodoluminescence 
indicates the presence of the nitrogen-vacancy system in the {100} textured diamond, whereas a blue 
“band A” luminescence is normally observed in diamond films grown without nitrogen addition. 
The results demonstrate that the nature of the substrates used for growth has no appreciable 
influence on the {100} texture, which implies that this fiber texture is obtained by competitive 
growth and selection of facets. The interaction of nitrogen with the {100} surface is a highly 
important factor in this process. Homoépitaxial growth shows that the addition of a small amount of 
nitrogen greatly enhances the growth rate of the {100} faces, making <100) the fastest growth 
direction in comparison with the <110) and (111) directions. This is attributed to breaking of a part 
of the dimers on the (2X1) reconstructed {100} surface by nitrogen compounds. The {100} texture 
in narrow, ring-shaped areas on diamond layers grown by the flame technique can also be attributed 
to the occurrence of a certain amount of nitrogen in the gas phase. It is demonstrated that the flame 
grown polycrystalline diamond layers have morphologies and cathodoluminescence features that are 
consistent with those observed in the hot-filament CVD diamond films grown with the addition of 
nitrogen. © 1996 American Institute o f  Physics. [S0021-8979(96)01003-6]

1. IN T R O D U C T IO N

Although the growth of diamond at low pressure using 
various chemical-vapor-deposition (CVD) techniques has 
been extensively studied, the nucleation and growth of het- 
eroepitaxial diamond films remain a great challenge for the 
research community.1“3 Recent successes in obtaining {100} 
textured diamond films on single-crystal silicon substrates4"7 
has presented a promising approach to heteroepitaxy, despite 
the fact that the actual cause of the textured growth is not yet 
clear. In principle there are two types of {100} textured dia­
mond films, which according to the terminology introduced 
by Wild et a i?  are referred to as fiber textured and epitaxi­
ally textured films. Fiber textured growth according to the 
evolutionary selection theory introduced by van der Drift,8 
requires that the textured direction is the fastest growth di­
rection. In a theoretical study, Wild et a l 9 have defined an a  
factor where V{100} and V{\\\} are the
growth rates of the (100) and (111) directions, respectively. 
An a  value of 3 or higher is required to obtain fully {100} 
textured diamond films. On the other hand, epitaxially {100} 
textured diamond films are only obtained by formation of 
diamond nuclei with the same crystallographic orientation as 
the {100} silicon substrate. This is a situation close to het­
eroepitaxy.

Bias-enhanced nucleation using microwave CVD is the 
most widely used method to grow epitaxially textured 
films.10’11 However, bias-enhanced nucleation does not al­
ways result in epitaxially or even fiber textured growth.12 A 
second approach is to grow on single-crystal /3~SiC 
substrates13,14 or on silicon substrates via in situ

n)Presem address: Advanced Materials Laboratory, 1001 University Blvd.
S.E., Albuquerque, NM; Electronic mail: gzcao@unm.edu

carburization.15 It is speculated that a silicon carbide interfa­
cial layer may play an important role to achieve epitaxially 
textured growth on {100} silicon. {100} fiber textured films 
were reported to grow on silicon as well as nickel16 and 
molybdenum17,18 substrates, because this kind of texture can 
be influenced by manipulation of the gas phase chemistry 
during the growth. It is well known that different growth 
conditions will greatly influence the growth rate, crystallin- 
ity, and morphology of the diamond films. In several publi­
cations Wild et a l 1'9 demonstrated that, depending on the 
growth temperature and methane concentration, {100} fiber 
textured films can be obtained by microwave CVD. How­
ever, recently the same group reported that besides the 
growth parameters the addition of a small amount of nitrogen 
in the gas phase is responsible for the growth of {100} fiber 
textured films,19 which might also explain their previous re­
sults. Jin and Moustakas20 have also shown that {100} tex­
tured diamond film can be obtained when a certain amount 
of nitrogen is introduced to the system. Although Kania and 
Oelhafen21 have grown {100} textured films using a low con­
centration of methane without intentional addition of nitro­
gen during the growth, the photoluminescence spectra dem­
onstrated the presence of the nitrogen-vacancy system in 
these films. Sun, Zhang, and Lin22 have reported a similar 
growth of {100} textured diamond films on silicon substrates 
at a low methane concentration. It might be possible that 
there was a small amount of nitrogen in their system. In 
flame CVD, {100} fiber textured films localized in a ring- 
shaped area are often obtained on polycrystalline molybde­
num substrates.17,18 It is clear that diamond films deposited 
by flame CVD always contain nitrogen in a radially changing 
concentration, which is due to in-diffusion from the ambient 
during growth.17 The above experimental results show that 
the presence of a small amount of nitrogen during CVD dia-
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FIG. 2. The average growth rates of polycrystalline diamond films as mea ­
sured by weight as a function of the nitrogen concentration in the gas phase.
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conditions to grow such {100} textured films is very re ­
stricted. The relation between the observed large scale mor­
phology of the samples and the position of the filament in ­
dicates that the occurrence of texture from a nitrogen- 
containing gas phase depends critically on the deposition 
temperature and/or the gas phase activation. Additional ex ­
periments confirmed that a small change of process condi­
tions, such as the distance between the filament and sub­
strates, may result in a total loss of texturing, The influence 
of the deposition temperature on the dimensions and the tilt 
angle of the {100} facets as described above agrees well with 
the results reported by Wild et ciL1

Figure 2 shows that the nominal growth rates of dia­
mond films are enhanced by the addition of a small amount
of nitrogen during growth. From the same figure it is clear 1400 and 1600 c m " 1 introduced by nondiamond carbon 
that introduction of nitrogen concentrations above 60 ppm phases, the concentration of which in this sample is signifi-

FÏG. 3. Raman spectra obtained from a polycrystalline diamond film grown 
without nitrogen (a) and from various positions on films grown with the 
addition of 20 ppm (b, c, and d) and 200 ppm (e, f, and g) of nitrogen.

does not result in a significant further increase in growth rate. 
Similar results have been reported previously for both 
polycrystalline19 and single-crystal25,26 diamond growth. The

cantly higher than for samples grown without nitrogen addi­
tion (see spectrum a). The increased presence of the nondia ­
mond carbon phases is a result of the deterioration of the

increase of the diamond growth rate by the addition of nitro- crystallites—especially the {111} faces— most probably by
gen is discussed in detail in Sec. V. nitrogen-induced twinning which finally leads to the deposi-

CL topographic examination of the nontextured diamond tion of layers with an amorphous appearance (see Sec. IV).
films grown without nitrogen addition shows that they emit a 
blue luminescence, known as “ band A” in the literature.27”29

Spectra e, f, and g were obtained at equivalent positions as b, 
c, and d, respectively, on a sample that was grown with 200

The films grown with nitrogen addition have an orange lu- ppm of nitrogen in the gas phase. From the fact that they are 
minescence in the areas which reveal rather large {100} fac- virtually identical to the corresponding spectra of the sample 
ets, whereas no significant luminescence is obtained from the grown with 20 ppm nitrogen, it can be concluded that the 
areas in which the {100} facets are very small or completely increase of nitrogen concentration above 20 ppm does not

lead to a significant further deterioration of the diamond 
crystallites in the different zones of the samples.

From the above it is clear that the introduction of nitro-

disappeared. The orange luminescence of the 575 nm system, 
which originates from nitrogen-vacancy pairs,27,30,31 indi­
cates that a certain amount of nitrogen has been incorporated
into the diamond films during growth. The absence of lumi- gen concentrations as small as 20 ppm in the gas phase dur- 
nescence from those parts of the films where almost no {100} ing diamond CVD introduces a considerable change in 
facets are present suggests that so much nitrogen is incorpo- growth rate, crystailinity, morphology, and texture of the de­
rated or other defects have been formed that quenching of the posits. However, an increase of the nitrogen concentration
signal occurs. above 100 ppm does not result in significant additional

The Raman spectra b, c, and d in Fig. 3 were obtained changes.
from different positions of a specimen grown with 20 ppm As discussed in Sec. I, it has been argued that interme-
nitrogen added to the gas phase. The morphologies on these diate buffer layers, such as /3-silicon carbide, may play an 
positions correspond to those shown in Figs. 1(c), 1(d) and important role in diamond textured growth. In the following 
1(e), respectively. Spectra b and c reveal a clear diamond section, some experimental evidence is provided to show that
peak but spectrum d shows a broad band rather than a peak 
around 1335 cm“ 1. All spectra exhibit a broad band between

the intermediate buffer layers are not the factor determining 
the fiber textured diamond growth.
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TABLE II. Growth rates of homoépitaxial films grown on various surfaces 
with and without the addition of nitrogen.

Substrate
orientation

Growth rate (/xm/h) 
without nitrogen 

addition“

Growth rate (¿¿m/h) 
with 100 ppm nitrogen 

addition

(111) 1.6 3.6
(110) 2.7 4.5
(100) 1.4 6.2
(100)+7° 1.5 8.0

cl factor 1.5 3

“Distance between filament and substrate: 10 mm.

face and thus increases die growth rate of the {100} facets. 
This speculation, however, needs further experiments to be
verified.

The above discussion indicates that the addition of nitro­
gen during the growth causes a change of gas phase chem­
istry and surface kinetics at the diamond crystallites, so that 
the formation of smooth {100} surfaces appears more pro­
nounced because the {111} surfaces deteriorate due to mul­
tiple twinning. In addition, the growth rate of (100) with 
respect to (111) is increased, as is further elaborated in Sec. 
V. The type of substrate is not relevant.

According to the van der Drift competitive growth 
model8 the film texture is determined by the ratio of the 
growth rate along (100) and along (111). Wild et a l?  intro­
duced a parameter a, which is defined as this ratio multiplied 
by a factor V3 and used it to describe experiments concerning 
oriented polycrystalline CVD diamond growth. The shapes 
of isolated crystallites can be used to determine the relative 
growth rates in the two ciystallographic directions42 and thus 
the a  factor. However, it is very difficult to determine the a  
factor directly from polycrystalline diamond films. In order 
to have an overall measure of a , homoepitaxial layers were 
deposited on {100} and {111} oriented type-IIa natural dia­
mond substrates simultaneously.

V. H O M O E P IT A X Y  A N D  G R O W T H  R A T E S  O F  

D IF F E R E N T  F A C E S

The growth rates obtained from a homoepitaxial growth 
experiment without nitrogen and one with 100 ppm nitrogen 
in the gas phase using natural diamond substrates with dif­
ferent orientations are summarized in Table II. The experi­
ment with 100 ppm nitrogen was carried out under exactly 
the same process conditions as used for the polycrystalline 
deposition runs as discussed in Secs. Ill and IV (see Table I). 
Due to circumstances the epitaxial growth run without nitro­
gen addition was carried out with a substrate to filament 
distance of 10 mm instead of the 6 mm* Thus, the difference 
between the absolute growth rates for both homoepitaxial 
experiments is, apart from the influence of nitrogen, partly 
due to the difference in distance between the filament and 
substrates.

In the case of homoepitaxial growth without nitrogen, 
the {110} face grows fastest compared to the other faces (see 
Table II). This is simply because» according to the periodic 
bond chain (PBC) theory,43 the {110} face is a rough S face

which grows via a mechanism of addition in rows of atoms. 
The {111} and the (2X1) reconstructed {100} faces are flat F 
faces, which grow slowly via a layer mechanism involving 
step flow.44 Upon the introduction of a small amount of ni­
trogen (100 ppm) into the system during growth, the deposi­
tion rates of all surfaces are greatly enhanced. It is not clear 
to what extent this is caused by the nitrogen addition or is 
due to the smaller substrate-filament distance. However, 
from Table II it can be seen that the nitrogen has different 
influences on the various orientations: The exact and 7° mis- 
oriented {100} faces now have the highest growth rates as 
compared to the {111} and {110} surfaces. Accordingly the a  
factor has a value of 3 compared to 1.5 for the experiment 
without nitrogen in the gas phase. Following the van der 
Drift model for textured growth8 the enhanced growth rate 
along (100) well explains the occurrence of {100} texture of 
the poly crystalline diamond films grown in the presence of 
nitrogen; however, the question remains why the growth 
rates of the {100} faces and maybe also that of the other faces 
are increased.

The increase of the diamond growth rate by the addition 
of nitrogen was reported previously.20,25,26 Several possible 
explanations have been proposed. Bar-Yam and Moustakas45 
proposed a quasithermodynamic model on defect-induced 
stabilization of diamond. This model predicts that the incor­
poration of nitrogen donors charges the vacancies in the 
growing diamond surfaces and thus reverses the thermody­
namic stability of diamond relative to graphite; therefore, the 
growth rate of diamond will be enhanced. This model has 
been used to explain the experiments in the literature20 and in 
our previous articles;25,26 however, it does not explain the 
orientation dependence of the increase in growth rates. In 
fact, the {110} and {111} surfaces incorporate more nitrogen 
than the {100} surface,33,46 thus, according to the defect- 
induced model, a larger enhancement of growth rate would 
be expected for {110} and {111} surfaces rather than for the 
{100} surface.

Of course, the addition of 20-200  ppm nitrogen slightly 
changes the gas phase chemistry, but a significant variation 
of the C2H2 and/or CH3 concentrations is not to be ex­
pected. However, the presence of NH .̂ and possibly CNH* 
radicals can significantly change the surface composition of 
adsorbed species, because, compared to the C— C bond the 
C—N bond is stronger 47 and NH* and CNH* radicals have 
lower desorption rates. Therefore, upon adsorption of these 
species flat surfaces become closer to the “ chemically rough­
ening” transition48 and consequently the growth rate in­
creases. Due to selective adsorption of these species on sur­
faces with different orientations the presence of nitrogen can 
influence the a  factor. In particular the nitrogen-related spe­
cies may break part of the dimers on the (2X1) reconstructed 
{100} surface49 and enhances the diamond growth rate of this 
face to a larger extent by the creation of additional kink sites 
at the growth steps. The surface morphology of the diamond 
films grown with and without nitrogen on {100} substrates 
with a misorientation of 7° toward (110) has been examined 
by means of DICM, In both cases exact {100} facets have 
developed on one side of the specimens. For the sample 
grown without nitrogen addition, the exact facet exhibits ran-

J . A p p l. P h y s .,  V o l. 7 9 , N o . 3 , 1 F e b ru a ry  1 9 9 6 C a o  et ai. 1 3 6 1



*■

* £

*
"4c»

%¿*

^& *

$ r m m ä

s

^ 1

% » V i * i p5. &

V ^ y L-j ¿

* c :

¿af'

f \ ^

f v

«?

^àw^afc «

X

*S

»• *

_^SSS2**8SS^.
^  ~N

*

j s s a « s i  *

*  p r  m xi »

*

f* %

£

\  

•i’ ¿

ç s w n ÿ à .

V ■ — -¿-̂ AMK

* « l  *

üb

\(W S Î^

Mi
s /

■m am . «

í* * N « Í  «  

ü e ^ P W F

*T

*

S

F 5

#

*

$p

V Î.

* _ J L *

« M  #

ptiO til «

S>

<*>

^  . - 4 * J

4

jT
Ñ

ÍT

L_  ^

Vv.

**

fe íte

^ « ¿  *-

F

â

$

: -é

-A

N

f H
'fe.

{

î 
«S

Q O

«»- ■»

f S * 5

•-.-_' î -«—
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fact that during deposition nitrogen (N2) from the ambient 
diffuses into the acetylene feather. After decomposition by 
thermal dissociation or by reactions with other species, nitro­
gen is incorporated into the diamond lattice. In the gas phase 
above the outer boundary of the deposits nitrogen is only 
partly decomposed due to a relatively low flame temperature. 
This results in a relatively low concentration of nitrogen in­
corporated in the diamond layer. Consequently a green CL 
signal is obtained, which can be attributed to the simulta­
neous emission from the 575 nm system27 and blue band-A 
luminescence 27-29 Toward the center of the acetylene 
feather, as the flame temperature rises, the decomposition of 
nitrogen increases and a large amount of nitrogen is incorpo­
rated into the diamond lattice. Thus one observes a shifting 
of the CL signal via yellow and brown toward a very pro­
nounced orange-red emission of the 575 nm system in the 
small ring-shaped area with the {100} texture. Above the an- 
nulus the concentration of active nitrogen species in the gas 
phase reaches a maximum. Probably a large amount of active 
nitrogen introduces the dramatic change in the morphology 
of the deposited layer which, due to the limited amount of 
crystallites or quenching of the CL signal, emits no appre­
ciable luminescence. The amount of nitrogen diffused further 
into the inner feather apparently decreases sharply, resulting 
in the ‘‘common” morphology of CVD diamond with the 
dominant blue band-A luminescence that is observed in the 
central area of the deposits. Between the annulus of en­
hanced growth and the blue luminescent central area a sec­
ond orange luminescent ring is the transition region between 
the areas of too much nitrogen (quenching) and the area with 
very low nitrogen content. Although the nitrogen concentra­
tion in the gas phase above this central area is still well 
above 1000 ppm due to N2 contamination of the acetylene 
source gas, the nitrogen molecule with a triple bond (226 
kcal/mol) is very stable and thus only a small fraction of 
nitrogen in the system will be activated and incorporated into 
the diamond lattice.

The above results clearly show that {100} silicon and/or 
SiC intermediate layers are not needed to obtain a {100} fiber 
textured diamond film, as was also found for the films grown 
by HFCVD. Furthermore, it is also demonstrated that the 
concentration range of nitrogen, which causes {100} textured 
growth is very narrow. For concentrations below this range 
the crystallites are randomly oriented and are bounded by 
both {111} and {100} facets. Above this range the growth of 
{111} facets is almost totally obstructed20,25 due to the large 
amount of nitrogen-induced twinning and secondary nucle- 
ation, which finally leads to the deposition of amorphous 
material.17 The morphology of the annulus is consistent with 
the fastest growth rate in the (100) direction due to the 
change in growth mechanism by the adsorption of nitrogen 
as discussed in Sec. IV.

In the same manner as observed for the {100} textured 
diamond films grown by hot-filament and flame CVD, the 
homoepitaxial films grown by the flame technique exhibit a 
lot of features that are similar to those on homoepitaxial 
layers grown by hot-filament CVD in the presence of nitro­
gen. Recently single-crystalline diamond layers were grown 
on top of cylindrical type-IIa natural diamond substrates with

diameters between 2 and 3 mm by the flame technique.24,55,56 
During deposition these substrates were located well within 
the homogeneous central part of the deposition area, which 
for these particular experiments was about 5 mm in diameter. 
The typical thickness of the layers grown (> 50  mm) is sig­
nificantly larger than for the single crystals grown by
HFCVD.

For {100} and {111} single crystals grown by HFCVD 
without nitrogen addition the morphologies differ too much 
from that of flame-deposited single crystals to be explained 
by the higher layer thicknesses of the latter only.44,52 In con­
trast to this, especially the exact and near-exact {100} single 
crystals obtained by HFCVD with 100 ppm NH3 in the gas
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phase have a surface appearance which is quite similar to 
that of the crystals grown by the flame technique, for which 
nitrogen concentrations in the gas phase exceed 1000 ppm. 
As already concluded from this study and previous work,19 
this again indicates that nitrogen concentrations above 100 
ppm in the gas phase generally do not result in additional 
changes in the diamond layers. It is clear now that, besides 
the growth rates, the active nitrogen species also affect the 
surface morphology of the {111} and {100} faces which grow 
by a layer mechanism. A detailed comparison of the surface 
morphologies of single crystals grown by the HFCVD and 
by the flame technique is beyond the scope of this article and 
will be elaborated elsewhere,53

V II .  C O N C L U S IO N S

The present study has demonstrated that the growth rate, 
morphology, crystallinity, and texture of CVD diamond films 
change considerably upon introduction of 20-100 ppm of 
ammonia into the gas phase; however, a further increase of 
nitrogen concentration does not result in additional changes 
of any significance. Partially {100} fiber textured diamond 
films were grown from a nitrogen-containing gas phase by 
HFCVD and the combustion flame technique. The addition 
of nitrogen during growth causes the growth of multiple 
twinned diamond crystallites and favors the formation of pla ­
nar {100} faces at the expense of rough {111} faces, which 
are microfacetted due to microtwinning. The nature of the 
substrates used in the experiments has no appreciable influ­
ence on texturing. This {100} fiber texturing depends criti­
cally on the deposition temperature and/or the gas phase ac­
tivation.

Homoepitaxial growth on natural diamond substrates 
with different orientations clearly shows that without the ad­
dition of nitrogen the {100} surface has the slowest growth 
rate. However, the (100) direction grows fastest in compari­
son to the (110) and (111) directions if 100 ppm nitrogen is 
introduced into the system during growth. The occurrence of 
the {100} texture on the poly crystalline deposits which were 
grown in the presence of small amounts of nitrogen under 
identical conditions can therefore be well explained by the 
evolution selection theory developed by van der Drift, which 
states that the fastest growth direction determines the texture.

It is argued that the presence of NH* and possibly CNHV 
radicals can significantly change the surface composition of 
adsorbed species. Due to selective adsorption of these spe­
cies on surfaces with different orientations the presence of
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nitrogen can influence the a  factor. In particular these species 
may break part of the dimers on the (2x1) reconstructed 
{100} surface and enhance the diamond growth rate of this 
face to a larger extent than the {111} and {110} face, by the 
creation of additional kink sites at the steps. The observed 
increase of the surface roughness of the {100} face upon 
addition of nitrogen in the gas phase agrees well with the 
described mechanism.
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