Available online at www.sciencedirect.com e
. SCIENCE@DIRECT® g:sgllccsAL
A ; LETTERS
ELSEVIER Chemical Physics Letters 391 (2004) 56-59
www.elsevier.com/locate/cplett
Spontaneous decrease of high surface electrical conductivity
in diamond exposed to atmospheric air
Stawomir Kulesza *, Jaromir Patyk, Franciszek Rozptoch
Zespol Fizyki Wegla, Instytut Fizyki, Uniwersytet Mikolaja Kopernika, Grudzigdzka 517, 87-100 Toruin, Poland
Received 29 February 2004; in final form 21 April 2004
Available online 18 May 2004
Abstract

This Letter deals with spontaneous oxidizing of CVD diamonds exposed to room-temperature atmospheric air that is studied
thanks to electrical measurements in a 2-point flat contact probe. Obtained results are explained in terms of the dipole model, which
actually predicts accumulation of electrons in the oxidized films and hence should claim for its n-type conductivity. Unfortunately,
the surface resistance is found to slightly increase under oxidizing. Generally, obtained data give evidence of usefulness of simple
electrical measurements in studies of sorption-related processes in solids.

© 2004 Elsevier B.V. All rights reserved.

Numerous experiments convince undoubtedly of the
uniqueness of high surface electrical conductivity
(HSEC) in hydrogenated diamonds considering espe-
cially those of CVD ones. It is commonly believed that
there appears 100 nm thick accumulation layer in the
subsurface region of hydrogen-passivated diamond
structures that exhibits dominant p-type conductivity
corresponding to holes with surface concentration of the
order of 103 cm~2 and relatively low mobility of about
30-70 cm?/V's [1,2]. Unfortunately, none of the HSEC
generation mechanisms proposed so far has been found
uncontroversial, although a number of works have
concluded that hydrogen passivation onto the dia-
mond’s surface is necessary but not sufficient pre-
requisite to observe the HSEC and that physisorption of
certain gaseous species must be also taken into consid-
eration [3,4]. On that basis the so-called dipole model
has been suggested [4], in which the subsurface diamond
layer is penetrated by an electric field arising around
adsorption-induced dipoles that makes possible accu-
mulation of holes. Apart from that, the origin of the
HSEC was independently derived from passivation of
deep traps in diamond by hydrogen atoms [5], intro-
duction of hydrogen-like shallow acceptor states [6],
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etching of non-diamond carbon structures (i.e. graphitic
and amorphic ones) by hydrogen plasma [7], or even
creation a buried layer of acceptor traps [§].

Samples studied were hydrogenated diamond films
grown from the mixture of hydrogen with small addition
of propane-butane (not less than 96% vol. H,) using
commonly known hot-filament chemical vapor deposi-
tion method (HF-CVD) described in detail elsewhere [9].
The as-grown samples were mechanically cleaved to
remove silicon substrates that results in free-standing,
well-faceted 50-100 pm thick diamond films, high-
quality of which was certainly confirmed by Raman
spectroscopy together with scanning electron micros-
copy. In the course of storage under normal conditions,
samples were permanently subjected to unintentional
oxidizing caused by the oxygen being contained in the
surrounding air. In the following, the very process is
referred to as ‘spontaneous oxidizing’.

Electrical characteristics were measured in a flat
configuration using Keithley 6517 electrometer with a
2-point contact probe made from very thin platinum
wire kept at a distance of approximately 3 mm. Let us
note that evaporation of metallic contacts has been
omitted and thereby both electrodes were pressed di-
rectly to the sample surface. Measurements were carried
out either under normal conditions or in vacuum
maintained by a standard rotational pump with a base


mail to: colage@phys.uni.torun.pl

S. Kulesza et al. | Chemical Physics Letters 391 (2004) 56-59 57

pressure of 1073 Torr. Temperature-dependent charac-
teristics of surface resistance were recorded in vacuum
maintaining rather slow heating rate of about 2 K/min
from room temperature up to 600 K.

The dipole model relies on the different electroneg-
ativities of atoms at the diamond-adsorbate interfacial
layer. According to the Pauling scale, carbon electro-
negativity amounts 2.5, while that of hydrogen is 2.1.
This means the increased electron density distribution
within the layer close to the crystal’s surface. Therefore,
given C-H bonds are to some extent ionic rather than
purely covalent ones giving rise to the charge layer in
which hydrogen atoms act as cations, whereas those of
carbon are anions. Since the charge carriers are effec-
tively separated by 0.11 nm, the dipole moments as high
as 1.28 x 1073 Cm appear perpendicular to the dia-
mond’s surface that pre-induce subsurface hole accu-
mulation region together with increase of the surface
electrical conductivity. Moreover, recent electrical
measurements [4] point out that the hole concentration
in hydrogenated diamonds can be even raised due to
physisorption of water molecules with relatively high
dipole moment of 6.2 x 1073 Cm oriented parallel to
that of C-H ones. In that manner effective dipole mo-
ment of the adsorptive coverage is composed of two
parts, first of which is brought by stable hydrogen pas-
sivation, while the other one strongly depends on the
number of water layers maintained by physical forces.
This yields the surface hole concentration of 10'3 cm—2
[3] remaining, however, two orders of magnitude lower
with respect to surface concentration of C atoms in di-
amond (slightly above 10 cm~2 depending on the
crystal orientation).

In contrast, electronegativity of oxygen amounts 3.4
and hence it is considerably to expect that chemisorption
of oxygen atoms in diamond should give rise to electric
field within subsurface layer making possible accumu-
lation of electrons. However, electron concentrations in
wide-bandgap semiconductors are extremely low even in
doped crystals so that adsorption of oxygen will lead
solely to depletion of holes together with continuous
decrease of electrical surface conductivity. As seen, the
dipole model accounts well for observed restorable
changes in the HSEC caused by sorption of H,O mol-
ecules [4], permanent vanishing of the HSEC in strongly
oxidized environments, and at last explains, why the
HSEC cannot be observed whatsoever in hydrogenated,
undoped crystals of silicon and germanium [10]. In such
a case both elements exhibit equal electronegativity of
1.8 and hence their atoms once passivated by hydrogen
can act as cations preventing accumulation of holes.

In Fig. 1 current—voltage characteristics of CVD dia-
mond sample at normal conditions are shown that cor-
respond to the as-grown diamond sample subjected for
90 min to plasma hydrogenation at substrate tempera-
ture 800 K under pressure of 30 Torr (solid circles) and

-2

107 5

3

107 5

10"

107 5

107 5

Current [A]

-7

107 3

10° , o°°*

10°+ " T " T ———
1 10 100
Voltage [V]

Fig. 1. Current-voltage characteristics measured on nominally und-
oped CVD diamond surface under normal conditions (room temper-
ature, atmospheric pressure) subjected for 90 min to hydrogen plasma
treatment at substrate temperature 800 K and hydrogen pressure 30
Torr (closed circles) prior to exposure for 7 days to room-temperature
atmospheric air (open circles). The plasma treatment is believed to
remove non-diamond contaminations and to make the hydrogen
passivation layer so that the diamond films closely resemble those in an
as-grown state.

subsequently exposed for 7 days to room-temperature
atmospheric air (open circles). Presented plots are con-
sistent with the dipole model mentioned previously as to
the fact that hydrogenation itself cannot induce surface
conductivity in diamond of substantial amounts and that
adsorption of gas species from atmospheric air results in
pronounced increase of the conductivity within approx-
imately four orders of magnitude. Moreover, the domi-
nant charge transfer mechanisms can be established
using the space-charge-limited current (SCLC) theory
[11]. Indeed, I(V) curve of the as-hydrogenated sample
presented in a log—log scale clearly exhibits two regimes
of the current flow. The first one corresponds to ohmic
conduction of thermally excited charge carriers in the
range from 0 up to about 20 V, where straight line with
the slope of 1 is evident. In turn, straight line with the
slope of 2 extends over 20 V that defines charge carrier
injection regime. Assuming given path geometry with
cross-section area S = 1078 cm? and length L = 0.3 cm
together with hole mobility p, =50 cm?/Vs such a
threshold voltage value yields relatively low hole con-
centration within accumulation layer of the order of
7.5 x 1015 cm?®. With respect to that, I(¥) curve of the
air-exposed sample gives approximately four orders of
magnitude higher hole concentration that, furthermore,
remains ohmic in the whole range studied. This implies
concentration of holes excited thermally being higher to
those of injected ones.

Fig. 2 shows a plot of surface resistance of CVD di-
amond samples at normal conditions as a function of
their prolonged exposure to room-temperature atmo-
spheric air. As seen, the resistance slightly tends to
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Fig. 2. Plot of the surface resistance variations against the storage time
under normal conditions of the CVD diamond samples reflecting
thereby the effect of spontaneous oxidizing. To the points straight line
has been fitted with the slope of approximately (104 6)x 10> Q3/
month; let us note the logarithmic scale on the ordinate axis. Each of
the surface resistance value corresponds to a mean one calculated for
the given set of samples made and stored under identical conditions.

increase with elapsed exposure time. Such an effect has
not been realized before that onto as-hydrogenated di-
amond surface brought in contact with the air the two
concurrent processes are started simultaneously, namely
physisorption of water molecules and chemisorption of
oxygen atoms. The former is a short-term process that
results in rapid hole accumulation and hence is re-
sponsible for the initial HSEC generation, whereas the
latter is a rather slow process of degradation of the
hydrogen passivation that in contrast accounts for hole
depletion followed by long-term deterioration of the
HSEC. Linear regression gives the decrease rate of the
surface resistance of approximately (10 + 6) kQ/month,
which in a given current path geometry is equivalent to
surface resistivity variations of about (0.3 +0.2) mQ cm/
month. Actually, exponential function should be far
advantageous here, but due to substantial scattering of
the points in Fig. 2 appropriate fitting procedure could
not be completed. The scattering is associated largely
with current path length variations depending in fixed
probe geometry on a film roughness.

Apart from the long-term HSEC deterioration dis-
cussed previously, the detrimental effect of the oxygen
implies changes within the adsorbate coverage structure
that can be investigated using electrical measurements as
well. To this end, temperature-dependent characteristics
of surface resistance of as-grown CVD diamonds
spontaneously oxidized by room-temperature atmo-
spheric air for, respectively: 3, 33 and 57 months, were
collected and drawn in Fig. 3 in the form of Arrhenius
plots. Actually, straight line with the slope correspond-
ing to the activation energy of the conductivity is to be
expected herein; however, as seen in Fig. 3 each curve is
of rather complicated shape. In general, at least two
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Fig. 3. The surface resistance against temperature characteristics of the
same untreated CVD diamond sample (measured in vacuum of 103
Torr) at different stages of its spontaneous oxidizing under normal
condition for, respectively: 3, 33, and 57 months. Room-temperature
surface resistance substantially increases with elapsed time. Apart from
that, two distinct resistance peaks are observed, first of which disap-
pears, whereas the second one sharpens in the course of spontaneous
oxidizing.

distinct surface resistance peaks are evident at approxi-
mately 310 and 435 K, that is at thermal excitation en-
ergies of about, respectively, 27 and 38 meV. As in
Fig. 2, the room-temperature surface resistance of CVD
diamond markedly increases under spontancous oOXi-
dizing, and furthermore the peak centered at 310 K
gradually vanishes, whereas that at 435 K becomes in
contrast much more distinct.

To explain such an evolution, low-rate exchange of
adsorbed gaseous species in the same vicinity of the
crystal must be taken into consideration that involves
activated desorption of hydrogen in the presence of
oxygen atoms followed by chemical adsorption of oxy-
gen. Thus, the sp*-hybridization of surface carbon at-
oms is no longer sustained by hydrogen atoms solely,
but also by oxygen ones. Apart from relatively low
temperature of about 300 K of the spontaneous oxi-
dizing, the rate of this process is considerably limited by
the valency of adsorbed species. In fact, hydrogen atoms
form single bonds once chemisorbed onto diamond,
while to entirely adsorb those of oxygen, two neigh-
boring carbon atoms with dangling bonds are required.
In such a case, however, re-hybridization of surface
carbon atoms would be possible resulting in higher
contribution of non-diamond impurities that would in-
evitably cause the surface resistance falling down unlike
it is seen in Figs. 2 and 3. Therefore, no neighboring
carbon atoms with dangling bonds are allowed at the
same time. Hence, oxygen adsorption presumably pro-
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ceeds as a two-step process, in which the appropriate
bonds are formed independently. To corroborate such a
reaction path, however, additional measurements must
be carried out (e.g. ESR).

Peaks in surface resistance shown in Fig. 3 can be
explained making use of the dipole model, in which the
two contrary processes are considered, namely intense
desorption of gaseous species accompanied by thermal
generation of charge carriers. This concerns, however,
physisorbed species solely, taking account into relatively
low energies of the thermal excitations. The coverage
made of adsorbed gases resembles to a certain extent a
two-dimensional system, where phase transformations
take place similar to those of ordinary three-dimensional
systems. Along with increasing temperature, the cover-
age gets progressively disordered and even damaged
once still gas molecules become free to move along the
surface and then they start to desorb. This results in
variations of the given accumulation layer geometry that
has a detrimental influence on the current flow and
hence gives rise to observed surface resistance increase.
Fig. 3 shows, however, that this depends on the coverage
thickness since disorder within layer closer to the crystal
surface is found to induce the higher peak.

In summary, there are experiments on spontaneous
oxidizing of hydrogenated diamond surfaces described
in this Letter. Obtained results are explained in terms of
the dipole model, according to which chemisorption of
hydrogen atoms with electronegativity lower than that
of carbon pre-induces accumulation of holes in the
subsurface region of diamond. Similarly, accumulation
of electrons should be possible due to chemisorption of
oxygen that subsequently would give rise to n-type
conductivity in diamond. Unfortunately, such an as-
sumption is no longer valid since the surface resistance is
found to monotonically increase under oxidizing.
Hence, this reflects depletion of holes on account of low
concentration of free electrons in wide-bandgap semi-
conductors. Moreover, asymmetry in charge carrier in-
jection from contacts might be relevant to that effect as

well because injection of holes proceeds actually as
withdrawal of electrons. Regardless, problems con-
cerned with generation of n-type conductivity in dia-
mond remain open. As to potential diamond
applications in microelectronics, spontaneous oxidizing
along with the HSEC degradation is found undesirable
since it makes active devices defective. Another limiting
factor is that the HSEC in diamond rapidly vanishes at
elevated temperatures even if kept in vacuum. In spite of
that electrical measurements described in this Letter
make a great opportunity to give insight into subtle
surface processes unavailable for other methods (e.g.
Raman spectroscopy).
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