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The undoped diamond layers were prepared using hot filament chemical vapor deposition technique. The con-
trolled variation of the deposition parameters resulted in the layers with varying amount of nondiamond impurities.
Routine characterization of the layers was carried out using scanning electron microscopy, X-ray diffractometry,
and the Raman spectroscopy. Detailed measurements of room temperature electrical conductivity (o300), current—
voltage characteristics have yielded useful information about the electrical conduction mechanism in this interesting
material. The o300 and I—V characteristic measurements were done in sandwiched configuration taking care off
the surface effects. The diamond shows room temperature dc conductivity reaching the values in the range of
0300 ~ 0.1—1 pS/cm. The I—V characteristics in these layers show space charge limited conduction behavior with
I ~ V? in high voltage region. The obtained results are explained in terms of chemically adsorbed hydrogen on
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the surface of diamond layers, which is a source of acceptor states just above the top of valence band.
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1. Introduction

The diamond layers grown by chemical vapor deposi-
tion (CVD) have become recently the subject of extensive
studies mainly due to their unique combination of ther-
mal, mechanical, and optoelectronic properties. How-
ever, the polycrystalline nature of the CVD diamond lay-
ers is a bottleneck in the construction of diamond-based
electronic devices. Another challenge is the presence of
graphitic and nondiamond impurities co-deposited dur-
ing the growth of diamond layers. On the other hand, the
nondiamond impurities, occurring mainly at the grain
boundaries, may introduce localized states in the energy
gap, which result in the modification of electrical trans-
port mechanism [1-4|. Considering CVD diamond layers
as a potential candidate for application in microelectron-
ics it is important to study the electrical transport in the
films of different quality, which can be controlled during
the CVD growth.

In this work we show results of measurements of the
bulk electrical dc conductivity of the polycrystalline dia-
mond layers grown at different deposition pressure. We
discuss the results of RT conductivity (o309) measure-
ments, current—voltage (I—V') characteristics obtained
for three representative samples of the CVD diamond
layers of different crystalline quality and different con-
centrations of nondiamond phase.

The variation of o399 conductivity and density of states
at the Fermi level N(Er) are attributed to the chemically
bonded H-atoms in the diamond structure.
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2. Experimental

The diamond layers have been deposited on the n-type
Si substrate using home-made HF CVD reactor described
elsewhere [5]. The gases flow rates were controlled by cal-
ibrated mass flow meters. The tungsten filament temper-
ature was measured by Optris CT ratio 1M optical py-
rometer while the substrate temperature was controlled
by PtRh10-Pt thermocouple. The diamond synthesis was
carried out using mixture of methanol (3 vol.%) and hy-
drogen (97 vol.%) at the flow rate of 150 sccm (standard
cubic centimeter per min). The all process parameters

are summarized in Table I.
TABLE I
The parameters of diamond growth process.

Working gas mixture of methanol and hydrogen
methanol concentration 3.0 vol.%
filament temperature 2300 K
substrate n-type Si
substrate temperature 1010 K
gas flow rate 150 sccm
total gas pressure 20-100 mbar

The scanning electron microscopy (SEM) microscope
type JSM-820 was used to study the morphology of
the obtained diamond layer. The Raman spectra were
recorded using Renishaw InVia Raman spectrometer
equipped with argon laser operating at 488 nm line us-
ing an excitation source. X-ray diffraction spectra were
recorded by type Dron-4a X-ray diffractometer, working
with a step of 0.05 degree.

3. Results and discussion

The SEM photos of morphologies of diamond layer de-
posited at different pressures are presented in Fig. 1.
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Fig. 1.

The estimated thicknesses of the layers were in the
range from 10.2 to 10.6 ym. As it is seen the obtained
morphologies only slightly depend on the working gas
pressure. The diamond layer synthesized at 20 mbar is
characterized by microcrystalline grains exceeding 1 pm
in size while the remaining diamond layers are composed
of microcrystalline grains smaller than 1 ym. It means
that the working gas pressure has not an essential influ-
ence diamond layers morphologies.

Nevertheless, the SEM studies are in agreement with
the Raman spectroscopy measurements (Fig. 2 and
Table II). The presented Raman spectra of the dia-
mond layers consist of sharp, narrow diamond peak at
around 1332 cm™! and broad G-band peaked at 1530
1560 cm ™! [6].
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Fig. 2. (a) Raman spectra of diamond films from

Fig. 1, (b) details of diamond Raman line.

The Raman peaks (diamond and G-band) are super-
imposed on a broad luminescence background inclined
at different angles. The numerical deconvolution of
these spectra, according to the procedure described else-
where [7] allows to estimate the following parameters of
the Raman spectrum: FWHM of diamond line, sp?/sp?
ratio and slope m of photoluminescence background. The
ratio of sp?/sp® was calculated using formula given by
McNamara et al. [7]. The obtained results are collected
in Table II.

It is known that broad luminescence background arise
from sp?-hybridized amorphous carbon admixture in di-
amond layers and its slope m can be used to determine
the hydrogen content. The hydrogen content, associated
with sp? carbon phase residing mainly on diamond grain
boundaries, can be calculated from the normalized back-
ground slope m according to the empirically derived fol-

SEM pictures of diamond layers synthesized at: (a) 20 mbar, (b) 60 mbar, (c) 100 mbar.

lowing equation [8]:

H [at.%] = 21.7 + 16.6log (m/Ic [pm]), (1)
where m — slope of PL background of the Raman spec-
trum, I — integral intensity of the Raman G-band.

The slopes m and hydrogen concentrations in amor-
phous carbon phase admixture, which is small fraction
of diamond layers, are collected in Table II.

TABLE II

Parameters of Raman spectra. Diamond Raman peak
position 1331.9 [em™'].

Sample Pressure | FWHM | sp®/sp® | m H
PO fmbar] | fem™Y | (%] | fem] | (%]
Kf 221 20 7.2 0.30 1.9 7.5
Kf 230 60 7.5 0.49 7.1 11.6
Kf 217 100 8.8 0.53 10.2 | 21.6
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Fig. 3. XRD (111) and (220) peaks of the diamond
layers synthesized at different deposition pressures: (a)
20 mbar, (b) 60 mbar, (c) 100 mbar.

Results presented in Table II coincide with SEM im-
ages. Diamond films consisting of smaller microcrys-
talline grains show higher values of both the FWHM and
the slope m. In order to confirm the observation obtained
from the Raman measurements the XRD diffraction was
carried out. In Fig. 3 the main (111) and (220) peaks
of each samples are presented. Unfortunately, XRD does
not prove information on amorphous carbon admixture,
which is a main problem in growing high quality diamond
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films, but gives valuable information about diamond lay-
ers crystallinity.

The crystalline parameters i.e. the values of lat-
tice spaces d and crystallite sizes D in (111) direction
were calculated from XRD spectra and are collected
in Table III.

TABLE IIT

Parameters of XRD spectra (d — interplanar distance,
D — crystallite size and T'C ;) texture factor).

(111) (220)
Sample 26 d D 26 D TC(hkl)
deg | [A] | [nm] | [deg] | [nm] | [%]
Kf 221 | 43.98 | 2.0587 | 36.09 | 75.34 | 61.11 95.1
Kf 230 | 43.97 | 2.0594 | 30.16 | 75.35 | 56.30 84.0
Kf 217 | 44.04 | 2.0559 | 28.26 | 75.39 | 40.03 64.7

The XRD spectra show a single-phase crystalline dia-
mond structure with noticeable differences in the inten-
sities of the (111), (220) diamond reflexes. As one can
see, diamond deposited at 100 mbar is characterized by
most intense (220) reflex. Slightly shifted reflexes indi-
cate on internal stress existing in diamond layer. In our
case XRD spectra indicate on (220) preferred orientation
as it was determined by texture coefficient T'C,z;) de-
fined by the following formula [9, 10]:

Tiniry /Lo(ni) 2
(1/n) Zn I(hkl)/IO(hkl) ’
where T'C(,;) is the texture coefficient of the (hkl) plane,
I(pi1) is intensity of the XRD peak corresponding to (hkl)
planes, and n is the number of preferred directions of
growth (number of the diffraction peaks taken into ac-
count). Iy denotes the intensity of the XRD peak
reference of the randomly oriented crystallites and is as-
sumed to be the same as the JCPDS-ICDD (or ASTM)
powder diffraction files.

It should be noted that the Raman spectroscopy and
XRD measurements clearly indicate on the differences
between the samples, although their morphologies are
very similar.

TChy =

From the Raman and XRD measurements one can
conclude that the studied diamond layers show notice-
able differences in hydrogen concentration (slope m of
background of the Raman spectra, G — band inten-
sity) and in crystallites sizes D (XRD). It is well known
that “as-grown” CVD polycrystalline diamond films ex-
hibit p-type conductivity which can be removed by ox-
idation [11, 12]. Ballutaud et al. showed that the hy-
drogen concentration in polycrystalline diamond layer
increases with increase of sp?/sp® ratio, and increase
with decrease of crystallite sizes [13] which is in agree-
ment with our observations (see Tables II and IIT). Ac-
cording to Zhang et al. [14] chemically bonded hydro-
gen should govern the electrical properties of diamond
layer. The I—V characteristics recorded for each sam-
ple in Au/n-Si/diamond/Au heterostructure configura-
tion exhibit rectifying behavior (Fig. 4a).
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Fig. 4. (a) I-V characteristics recorded at RT, (b)

I-V forward characteristics recorded at RT for dia-
mond layers presented in Fig. 1.

As it is seen, each sample exhibits different rectifying
properties of which depend on their structural properties.

The analysis of I—V characteristic in forward direction
(Fig. 4b) shows two different characters depending on the
voltage regions. For the region of low voltages (< 0.7 V)
the I—V characteristics show linear dependence of I vs.
V as it shown in Fig. 5a. For higher voltages (> 0.7 V)
the linear dependence is observed for the plot I vs. V2,
according to Eq. (3).
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Fig. 5. I—V characteristic, recorded at RT, for regions
of: (a) low voltages (< 0.7 V), (b) higher voltages
(> 0.7 V) for diamond layers presented in Fig. 1.

For higher voltages I—V forward current is controlled
by space charge limited current (SCLC) mechanism and
the dependence of I vs. V can be described by the fol-
lowing formula [15]:

9 v?
I = —eepbpo— 3
8 oo d37 ( )
where 0 is the ratio of free to trapped charges at given
temperature, pg — hole mobility, d - diamond layers

thickness, ¢ — dielectric constant.
From the slope of the plots shown in Fig. 5a one can
estimate the specific electric conductivity using the Ohm

law. The estimated values of o3g9 are collected in Ta-

ble IV.
TABLE IV

Estimated values of dc-conductivity osoo and density of
states at the Fermi level N(EF).

Sample 7300 N(Er)
[1S/cm] [nm™3meV ]

Kf 221 0.12 71

Kf 230 0.51 81

Kf 217 1.26 131
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The region of SCLC can be used to calculate the den-
sity of states (DOS) near the Fermi level N(Ep).

One of the methods which allows for DOS calculation
is the method proposed by Den Boer [16]. According to
his method the DOS near Fermi level is given by
2ee0 AV
6d2AEF ’ (4)
where egg — permittivity of diamond layer (e is assumed
to be 5.5 as for natural diamond), e — electronic charge,
AFEr — the shift of the Fermi level due to the change of
voltage AV = V5 — V; and is given by formula
I
T ®

1V2
where I; and I are the currents measured at voltages V;
and Vs, respectively.

The values of estimated density of states N(Er) at the
Fermi level are collected in Table IV.

The data from Table IV show that both specific con-
ductivity o3pp and density of states at the Fermi level
N(Er) increase with increase of hydrogen concentration
measured by slope m (Table II) and with decrease of
crystallites sizes (Table III).

N(Er) =

AEF = kT In

4. Conclusions

Results of SEM, XRD, the Raman scattering spec-
troscopy, and electrical measurements carried out on the
samples of HF CVD diamond layers reveal correlations
between HF CVD growth parameters, morphology, crys-
talline structure and electrical properties of the obtained
films. The crystallographic quality and purity deduced
from the Raman spectroscopy (FWHM and sp?/sp®) and
XRD (crystallite sizes, preferred orientation) have a di-
rect impact on the electrical properties of diamond films.
As-grown polycrystalline CVD has a relatively high near
surface concentration of hydrogen, presumably due to the
way that CVD growth is typically terminated.

The current study shows that it is hydrogen within di-
amond that gives rise to carriers; shallow acceptor states
and possibly other deeper gap states must form when hy-
drogen is within the diamond lattice in these concentra-
tions. This is in agreement with previous reports [17, 18]
which proposed that the carriers arise though formation
of shallow acceptor states beneath the surface when hy-
drogen is present. It was suggested that the chemically
bonded hydrogen causes band bending leading to an ac-
cumulation of hole in this region [19, 20]. It means
that the H-terminated surfaces are critically important
in achieving desired electrical properties.

Our results confirm above suggestions. The room tem-
perature o3g conductivity calculated from linear portion
of the I—V curves in low voltage region was in the range
of 0.1—1 uS/cm and the higher values of o399 corresponds
to the diamond layer characterized by higher sp?/sp® ra-
tios (Kf 217). The N(Ep) calculated from I—V charac-
teristics for SCLC region showed higher values (Table IV)
for the higher slope m of the luminescence background
of the corresponding Raman spectra. Obtained results

A. Banaszak-Piechowska et al.

clearly suggest that acceptor states associated with chem-
ically bonded hydrogen are mainly responsible for charge
transport in undoped CVD diamond layers.

The exact nature of the hydrogen promoting shallow
acceptor states remains still not fully explained and is
worthy of further investigation.
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