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The dependence of the internal structure parameters of polycrystalline diamond films
on their thickness that is a function of the synthesis duration at the specified temperature
has been studied. It has been established that the block size and the film micro-distortions
are reduced at the temperature 1073 K and the gas mixture pressures of 10.6 and 21.3
kPa. The dislocation density remains almost unchanged when passing from "thin" films (4-6
um) to "thick”™ ones (10-12 um). At the temperature 1173 K and gas mixture pressures 10.6
and 21.3 kPa, the block size diminishes and micro-distortions increase when the film
thickness rises. The dislocation density increases in this case. These two polycrystalline
diamond films synthesis regimes are of good prospects for study of the polycrystalline
diamond films electron properties formation, since the dislocations give rise to electrical active
centers in diamond materials. The recrystallization of the polycrystalline diamond films
crystallites starts at 1273 K and pressures of 10.6, 21.3, 31.9 kPa or at pressure 31.9 kPa
and synthesis temperatures 1073 K, 1173 K, 1273 K. That effect hinders the control
dislocation density control.

Wsyuena 3aBHCHMOCTH [APAMETPOB BHYTPEHHEH CTPYKTYPHI IMOJUKPHUCTAIINYECKHX AJ-
MAa3HBIX IIJIEHOK OT WX TOJIIHUHBLI, KOTOPAas ABJsieTcA (PYHKIUeHl IMPOLOIKUTEeIbHOCTH CHH-
Tesa IPHU 3aJAHHON TeMmIepaTrype. YCTaHOBJIEHO, uTo npu temieparype 1073 K u gaBieHusax
rasosoii cmecu 10.6 u 21.3 kPa pasmepsl 6JJOKOB ¥ MUKPOMCKAMKEHUS ILJIEHOK YMEHbIIAOT-
csl, ILIOTHOCTh AUCJIOKAIMI IIOUTH HE U3MEHSEeTCS IIPU IIepexoge OT TOHKuUX (4—6 MKM)
mieHok K " rtoscteiM (10-12 mxm). IIpu Temneparype 1173 K u Tex »Ke maBJeHUSX Ia30BOM
cMeCH yBeJUUYEeHNEe TOJIIUHBI IIJIEHOK IPUBOAUT K YMEHBIIEHHIO pasmepa OJOKOB, K yBeJU-
yeHHI0 MUKpoucKaskeumuii. IlmoTHOCTB, AUCIOKAIIMII BO3pacraer. JTH [ABa PEKUMa CHHTE3a
MOJUKPUCTAIINIYECKAX AJMA3HBIX ILIEHOK SBJSAIOTCS IEPCIHEeKTUBHBIMU IIPU M3YYeHUU (DOPMU-
POBaHUSA UX SJIEKTPOHHBIX CBONCTB, TAK KAK AWCIOKAIIMU SIBJISIOTCA UCTOYHHKOM DJIEKTPUUECKHU
AKTUBHBLIX IIEHTPOB B aJMasHbIX Marepuanax. IIpm remmeparype 1273 K u maBnenusax 10.6,
21.3, 31.9 kPa, a raxe npu gasaenun 31.9 kPa u temmneparypax cunresa 1073 K, 1173 K,
1273 K HaumHaeTcA IIPOIECC PEKPHUCTANIMIANMUYN KPUCTAJJIUTOB IIOJUKPUCTALINYECKIX
aJIMa3HBIX ILIEHOK, KOTOPHIN 3aTPyAHAET YIPABJIEHUE IIJOTHOCTHIO AUCIOKALMH.
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The substantial advances in novel syn-
thetic technologies of diamond films and
coatings from gas media under low pres-
sures [1] make it necessary to develop the
processes for the electron property forma-
tion thereof needed in electronics, optics,
and other fields. The researchers try to gen-
erate the electrically active centers in dia-
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mond by introducing the appropriate impu-
rity atoms according to scheme developed
for conventional semiconductors. However,
two important factors remain out of ac-
count. First, it is known that in wide bang
gap dielectrics, including diamond (the band
gap width 5.5 eV), the impurities form an
inverse system of energy levels with donor

Functional materials, 14, 2, 2007



S.N.Samsonenko et al. / Internal structure parameters ...

impurities forming deep donor levels at the
valence band top. In the Schottky notation,
such impurities are referred to as “cis-do-
nors”. The acceptor impurities form deep
acceptor levels near the conductivity band
bottom. Such a system of energy levels is
known when the matter concerns the ar-
rangement of the levels resulting from sur-
face centers in conventional semiconductors.
Second, the semiconducting diamonds of IIb
type discovered in 1952 have a mosaic inter-
nal structure that, according to Lang and
co-workers [2] is formed due to plastic
straining of insulating ("nitrogen-free") Ila
type diamonds under natural conditions.
The ITb type diamonds consist of weakly dis-
oriented mosaic blocks with small-angle dis-
location boundaries. The dislocation density
in such diamonds attains 1011 to 1012 m=2
and more. But according to [3], the unsatu-
rated bonds in the dislocation core of dia-
mond-like structure crystals form acceptor
levels and provide the hole type conductiv-
ity that is present in all the natural IIb
diamonds.

When studying the plastically strained
"nitrogen-containing” I type diamonds from
Yakutian fields, we have found the same
semiconducting properties therein as in the
IIb ones [4, 5]. We have referred to such
diamonds as Ic type ones. In those dia-
monds, all the singularities of electron
properties are traced typical of the IIb ones
with only quantitative differences. Basing
on detailed studies of electron properties of
the Ic diamonds and consideration of litera-
ture data on the IIb ones, we have developed
a dislocation concept of the electron prop-
erty formation in diamonds, including the
semiconducting ones. This conception has
been confirmed definitively in our further
works [6, 7].

Since the problem of electron property
formation in diamonds by impurity atoms
remains unsoclved in principle to date but is
under study and discussion, we propose to
extend the dislocation concept of the electron
property formation onto undoped synthetic
diamond films (DF). This work is devoted to
dislocation structure formation in synthetic
DF as a function of some important parame-
ters of synthesis thereof from a gaseous
phase. To that end, the main aims were to
study the effect of the substrate temperature,
the total pressure of gas mixture in working
chamber, and the DF synthesis duration on
the dispersity of mosaic blocks and microscale
distortions, that define in the end the disloca-
tion density therein.
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In this work, the DF samples have been
prepared, the DF internal structure has
been determined (the mosaic block size and
microscale distortions) by X-ray diffraction
(XRD) technique, the density of dislocations
forming the interblock boundaries has been
estimated [8, 9].

It is known [1] that the temperature de-
pendence of the single-crystalline and poly-
crystalline DF growth rate is described by a
Gaussian function, no matter what is the
synthesis technique. Its maximum is near
1173 K. The same dependence has been
found in our experiments. The DF for elec-
tronics and optics are synthesized usually at
973 to 1173 K [1]. In those conditions, the
grain (crystallite) size increases monoto-
nously and the size of the coherent scatter-
ing regions that form the crystallites are
diminished monotonously as the film thick-
ness rises. As the synthesis process is com-
plex and prolonged, we have used only three
characteristic points in the temperature de-
pendence of the DF synthesis rate, namely,
1073 K (in the ascending dependence
branch), 1173 K (at its maximum) and
1273 K (in the descending branch). The ex-
periment scheme is presented in Table 1.

DF sample preparation. The high-gradi-
ent transport chemical reaction technique
[1] was used. The synthesis was carried out
starting from methane /hydrogen (2/98 vol. %)
mixture. The high-purity graphite heated
up to about 2273 K was used as an activa-
tor. The diamond films were deposited onto
single crystal silicon plates arranged at
about 2 mm distance from the activator.

Two groups of DF were synthesized. The
first consisted of "thin" (4 to 6 um thick)
films. The average synthesis duration of
those samples was about 1 h. The second

Table 1. Polycrystalline DF synthesis con-

ditions.
Tsynth, Psynth, No. samples
K kPa "thin" "thick”
(h=4-6 ym) | (h=8-11 um)
10.6 40 70
1073 | 21.3 1 31
31.9 61 91
10.6 50 80
1173 21.3 11 41
31.9 71 2
10.6 60 90
1273 | 21.3 21 51
31.9 81 12
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("thick™) group samples were 8 to 11 um
thick (the synthesis duration about 3 h). Both
groups were synthesized in identical condi-
tions, except for the synthesis duration.

XRD studies were carried out using a
standard DRON-2 instrument. A copper
anode was used to provide the K, ; emission
that was discriminated out of CuK_  doublet
using the Rachinger graphical method. The
®/20 scanning according to Bragg-Brentano
scheme was used. The integral width of
Bragg reflections were determined by calcu-
lating the intensity ratio thereof to the
counting rate in the peak, the background
values being subtracted. The diffraction
peak positions was determined by the me-
dian method [10].

Since the synthesized diamond films are
polyerystalline, the work is based on the
common simplified model of polycrystals. In
the model, the diffraction maxima are wid-
ened mainly due to micro-distortions caused
by extended structure defects (predomi-
nantly by dislocations) and to finiteness of
the X-ray coherent scattering regions
(CSR). Such a simplification of polycrystal-
line (powdered) solids gives the same results
that were obtained in [11] for chaotically
oriented dislocations in single crystals. Bas-
ing on theoretical concepts [10, 11], we
have determined the physical widening of
the diffraction maxima [ and then the CSR
dispersity and micro-distortions. The experi-
mental data were processed according to [4].
To that end, the line width B was measured
in all the samples for two distant reflections
0111 and 033, as well as the same widths for
a reference sample (annealed nickel powder
with particle size about 2000 A). For the ref-
erence, byy; = 2.0.10 83 rad and 0331 =
4.15-10 3 rad. When seeking for B, the dif-
fraction maxima were approximated by
Gaussian functions. For the convoluted
Gaussian function, the following relation-
ship is valid:

B2 = p2 4 B2,
(1)
From that expression, the physical dif-
fraction peak widening (3 was calculated for
the specified angles in all the samples.
When determining the contribution from
CSR dispersity (m) and micro-distortions (n)
into B, the approximating Gaussian functions
were used, too. In this case, the relation

B2 = m2 + n2

(2)
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is valid. Basing on that relationship and on
the expressions for m and n depending on
the diffraction angle in different fashions:

A (3)

m=——,
Dcosb

n=48-tg9 (4)

the Hall plots were constructed for each of
the samples and 1/D? and &2 were found
therefrom.

The average linear dimensions (D) of
CSR along the normal to the reflecting
planes and the average values of micro-dis-
tortion module &€ = <JA%4> are presented in
Table 2. Since diamond is weakly anisot-
ropic, the CSR dimensions can be assumed
to be close to those of the mosaic blocks. In
what follows, the symbol B will be consid-
ered approximately as the linear dimensions
of mosaic blocks (MB).

Estimation of dislocation density. Using
the data from Table 2 (D and ¢ values), the
dislocation density in each sample has been
estimated basing on the results taken from
[4] and employing the following relation-
ships.

If the reflection widening is due mainly
to the block dimension D and the relation
Se09331/se061llzB331/B111 is Valid, then the
dislocation density can be estimated as

Table 2. Parameters of internal structure.

No. Linear dimensions| Micro-distortion
samples (D), nm module 1073
40 57 1,6
50 53 1.8
60 34 1.8
70 45 0.45
80 30 1.5
90 60 1.5
1 49 2.4
11 46 1.2
21 30 2.4
31 33 1.9
41 43 1.9
51 45 1.7
61 22 1.7
71 53 1.9
81 19 0.9
91 36 0.48
2 53 1.7
12 35 0.1
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3n ’)

pp:ﬁ,

where n is the number of dislocations on
the block plane; D, the block average linear
dimension. In our estimations, n = 1.

If the reflection widening is due mainly
to the micro-distortions ¢ and the relation
tg0351/t20111~B331/B111 is valid, then the
dislocation density can be estimated as

_k £ (6)
ps_F bza

where for diamond, 2 = 19.2, b is the Buer-
gers vector along [110] axis. The factor F
takes into account the dislocation interac-
tion. For non-interacting or weakly interact-
ing dislocations, F can be supposed to be 1. In
this case,

19.2- g2 (7
S_T'

Since the parameter ¢ is sensitive to in-
ternal stresses Stotal = Othermal + Sintrinsic»
we have carried out the strain-gauge studies
of all the considered PDF samples. The
sin®F method [12] was used to that end.
The PDF grown on silicon substrates were
found to be not affected appreciably by ;..
within the measurement accuracy of the unit
cell parameter of 2.1074 nm. Thus, the inter-
nal stresses G;,;,i,sic caused by structure im-
perfection are low enough as well as those
due to thermal factors (6,5,,ma1)-

If the diffraction maxima are widened
due to the block dimensions D and micro-
distortion wvalues g, then, the dislocation
density can be estimated as the geometric
mean of Pp and p,, that is,

p = Vp,ps- (8)

The estimation results of the dislocation
density in "thin" and "thick” DF are pre-
sented in Fig. la, b. The Figures illustrate
the local density values I' for dislocations
concentrated within a thin interlayer be-
tween the adjacent MB. Those are similar to
the dislocation densities at the interface of
two crystals with unit cell parameters close
to one another [4].

Since according to our suppositions, the
electron properties formation in diamond is
due mainly to dislocations that are related
directly to the DF growth rate, Fig. 1 shows
the estimated dislocation density in combi-
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Fig. 1. Dependence of dislocation density in
DF on the substrate temperature T, and the
total gas mixture pressure in the growth
chamber p, against the background of the
growth rate for 5—6 pm (a) and 9-11 um (b)
thick samples.

nation with dependences of "thin" and
"thick™ DF growth rate on the substrate
temperature. For the "thin" films (Fig. 1a),
it is seen that as the total gas pressure in
the reaction chamber is increased from
10.6 kPa to 31.9 kPa, the dislocation den-
sity in the ascending Gaussian branch
(1073 K) increases from 1.1.1018 m=2 to
3.4-101% m~2 while in the descending branch
(1273 K), 1.831016 m2 to 4.2.1016 m2,
However, at the DF synthesis temperature
near 1173 K, the dislocation density in the
films synthesized under various pressures
from 10.6 kPa to 31.9 kPa takes minimum
values near 1.1.1016 m~2 (from 9.1.1015 m2
to 1.7-1016 m~2), This result corresponds to
the dislocation density minimum determined
by us basing on the Hook law and the MB
surface tension energy in those samples [4].
Fig. la illustrates the possibility to con-
trol the dislocation density by varying the
gas mixture pressure at constant tempera-
ture. As the synthesis temperature ap-
proaches that of the maximum growth rate
(1173 K), the range of dislocation density
variation is converged. The dislocation den-
sity can be controlled also by another man-
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Fig. 2. Relationship between the conductivity
and growth rate in DF synthesized at T, =
1073 K and the gas mixture pressures (kPa)
10.6; 21.3, and 31.9.

ner, by varying the substrate temperature
at constant gas mixture pressure. In this
case, the dislocation density variation range
is enlarged as the pressure rises and is es-
sentially unchanged at 10.6 kPa.

In Fig. 1b, presented is the relation be-
tween the dislocation density in "thick™ DF
and the synthesis temperature and total the
gas mixture pressure in the reaction cham-
ber. The relation is similar to that for
"thin" DF. However, the film thickness in-
crease and the respective synthesis time in-
crease influences the dislocation structure.
The range of dislocation density variation
as a function of the gas mixture pressure is
about thrice narrower. However, the dislo-
cation density in "thick” DF at the maxi-
mum growth rate is the same at any pres-
sure and takes the minimum values close to
that in the T"thin" films, i.e., about
1.1-.1016 m—2,

To illustrate the applicability of the dis-
location conception to DF, the conductivity
thereof was measured. The results for
"thin" films synthesized at 1073 K (the as-
cending branch of the growth rate depend-
ence on the synthesis temperature) is pre-
sented in Fig. 2 that illustrates the rela-
tionship between the conductivity and
dislocation density. As the dislocation den-
sity increases (due to increasing gas pres-
sure), the conductivity drops. This effect is
more pronounced as low substrate tempera-
ture. In the descending branch of the above
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dependence (at 1273 K), the DF conductiv-
ity decreases also as the dislocation density
increases, but in another manner that in the
ascending branch. At 1173 K, the conduc-
tivity varies within a narrow range
(1105 Qem to 6.5-10% Q-cm) for all the
samples, in accordance with the narrow
range of the dislocation density therein.

The results obtained evidence the possible
ways to control the internal dislocation struc-
ture and conductivity of DF by varying the
synthesis parameters. The control is most ef-
fective when the synthesis temperature corre-
sponds to the ascending branch of the growth
rate dependence on the substrate temperature
(973 to 1173 K). The conductivity depend-
ence on the dislocation density for DF is simi-
lar to that for bulk diamond crystals.
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IlapamMeTrpu BHYTPIiIIHBOI CTPYKTYPH MHMOJIKPUCTAJIYHUX
aJMa3HUX ILIIBOK i YMOBM iX CHHTe3Yy

C.M.Camconenxo, M.Jl.Camconenko, 3.1.Konynaesa

HocaigKeHHO 3a/IeKHOCTh IIapaMeTPiB HOJIIKPUCTANIYHMX aJIMa3HUX ILJIiBOK BIHOCHO ix
TOBIUHM, AKA € PYHKI[I€I0 TPMBAJOCTI CHHTE3y IpH 3amaHiil Temmeparypi migzkmamox (rem-
neparypi cunresy). Beranosiewno, mo nmpu remneparypi 1073 K i rucky rasosoi cymimi 10.6
Ta 21.3 klIla posmipu 6Gg0KiB Ta MiKPOBUKPMBICHHS IJiBOK 3MEHINYIOTHCH, I'YCTHHA IHCIIO-
Kaniii maili’Kke He 3MIHIOETHCA IPU Iepexoxai Bijg cuHTedy "TOHKUX (4—6 MKM) ILIIBOK 10
"roperux” (10—12 mxm). IIpu remneparypi 1173 K i Tux Xe ymMOBax THCKY rasoBol cymimii
30i/MbIIIeHHA TOBIIMHU IIJIIBOK IIPUBOAUTHL A0 3MEHIIEHHS Po3Mipy O0J0KiB i g0 30iiblneHHS
MiKpoBuUKpuBJIeHb. ['yecTuHa auciokaniii 36inpmyernses. 1[i gBa pekumMu cuHTE3y IIOJIiKpHC-
TATiYHUX aJIMasHUX ILIiBOK € IMePCHeKTUBHUMMU [IJd JOCHiAMKEHHs IpolieciB (hopMyBaHHS
€JIEKTPOHHUX BJACTHUBOCTEH IOMiKPHCTANIUHNX AJIMAa3HMUX ILIIBOK, TaK SAK AUCIOKAIil sSBJIsA-
IOTBCSA [IKEPEeJiOM CTBOPEHHS eJNeKTPHUYHO aKTHUBHUX I[eHTPiB B anmasHux Mmarepianax. Ilpum
Temueparypi cunredy 1273 K i Tucky 10.6, 21.3, 31.9 xlla, a Takox npu tucky 31.9 xIla i
Temneparypax cuaresy 1073 K, 1173 K, 1273 K mnoumHaeTbCs Ipolec pekpucraaisamii
KpHCTAJITIiB IMOJiKpHCTANMIUHMX aJIMasHMUX ILJIiBOK, IO YTPYAHIOE YIIPABIIHHS TI'yCTHUHOIO
IVICIOKAIIN.
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