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Summary

Hole transport in plasma - polymerized organosilicon films
has been investigated. Measurements of the stationary conducti-
vity dependence on temperature and applied electrical field and
mobility determination by time of flight method were carried out.
It was shown that holes can be transported either by states laying
near or in the valence band, or by states near the Fermi level.
The first transport mechanism dominates at about room temperatu-
re and above and the second one was found only in polysilazane
at low temperature. Nitrogen containing structures are proposed
as transport states near the Fermi level.

INTRODUCTION

The growing interest in the investigations of the structure
and properties, mainly electrical and optical, of plasma polyme-
rized organosilicon films is connected with the possibility of
application of these films in micro - and optoelectronics. Poly-
organosilicon films are easy to obtain, they have very good ad-
hesion to substrates and high thermal resistance (KRYSZEWSKI et
al. 1979). The uniform structure, high transparency in the
visible region, smoothness of the surface and very small light
losses (below 0.04 dB/cm) are indicating that they can be applied
as thin films guiding light waves (TIEN et al. 1972). On the
other hand, dielectric properties of these films are similar to
silicon dioxide so they can be applied as passivators of semicon-
ductor surfaces (MAISONNEUVE et. al. 1976).

The studies of electrical properties of polyorganosilicon
thin films have shown that in these materials the bulk generation
process (Poole - Frenkel mechanism) dominates in the electrical
conduction (TYCZKOWSKI et. al. 1982). The investigations of
"anomalous transient photocurrents'" effect indicated that the
generation centers are acceptors so the charge carriers involved
are holes (TYCZKOWSKI and KRYSZEWSKI 1982). The analysis of the
hole transport in these films is the subject of this paper.

According to the results of the studies of the hole and
electron photoinjection from metal electrodes into these polymers
(TYCZKOWSKI and KRYSZEWSKI 1981) and the optical absorption
measurements we have suggested a general model of energy levels
for organosilicon polymers (TYCZKOWSKI et al. 1981). Fig.1 illu-
strates this model. According to Mott's theory (MOTT and DAVIS
1971) and to our model one can see that the holes can be tran-
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sported either by states laying near or in the valence band,
or by transport states near the Fermi level. In this paper it
is shown that the first or the second transport mechanism can
take place depending on the structure of the polymer film and
the temperature.

EXPERIMENTAL

Thin polyorganosilicon films were prepared by plasma poly-
merization in the flow, electrode system. The current density
of the glow discharge was 20 A/m? and frequency 20 kHz. Films
obtained from hexamethyldisilazane (Si-N-Si) and hexamethyldisi-
loxane (Si-0-Si) were investigated. Stationary electrical con-
ductivity measurements and mobility studies were carried out on
films of the thick about 0.65 um and 2.5 um respectively, in the
sandwich type systems.

Electrical conduction was measured in a shielded chamber
by Takeda Riken TR 8641 electrometer using Keithley 240 A voltage
supply. Conductivity was measured "step by step'" at different
temperatures. The polyorganosilicon thin films were prepared
directly on glass supports (Corning 7059) with aluminium
rear electrodes in glow discharge and then supplied with alu-
minium upper electrodes and guard rings.

Electron beam induced conductivity was studied for thicker
polymer films (ten and more um) e.g. by SUZUOKI et al. (1976)
and YOSHINO (1978). For thin polymer films, in order to study
the mobility of carriers by time of flight method it is necessary
to choose such an energy of the electron beam and such a thickness
of the upper electrode that the generation region can be neglected
considering the sample thickness. In our mobjlity measurements
the upper aluminium electrode was about 200 thick and the ele-
ctron beam energy was 2 keV so the penetration depth was less
than 0.2 um. Intensity of the electron beam was chosen so that
small signal conditions were preserved., Duration of electron
pulses was 50 ps. The current transients were measured by a fast
amplifier and recorded on oscilloscope.

Measurements of the optical absorption were made in the
wavelength region from 185 to 350 um using a Specord UV-VIS
spectrometer, in nitrogen. In that case thin polyorganosilicone
films were prepared on quartz plates.

RESULTS and DISCUSSION

The plots of current intensity dependence on reciprocal
of temperature for polysiloxane and polysilazane thin films are
shown in Fig.2. Both films show an activation relationship at
room temperature and in the higher temperature range. This
relation suggests that the transport of carriers is connected
with transport bands i.e. transport states near or in the valen-
ce band. In the temperature range below room temperature the
changes of electrical conductivity with temperature are diffe-
rent. The coductivity of polysiloxane drops below the measu-
rement sensitivity while that of polysilazane films changes very
slightly. The current intensity in polysilazane films is only
twice smaller at liquid nitrogen than at room temperature. Such
behaviour may indicate that the hopping transport by states
near the Fermi level is involved.
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£ Low temperature transport

electron fransport Electrical conductivity
Q§§S&§¥&§S§ﬂm“5 in the case of the hopping
transport through states near
the Fermi level can be descri-
bed by Mott's relation (MOTT

and DAVIS 1971):
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Fig.1. Scheme of energy level inverse rate of fall-off of
structure for plasma polymeri- the wave function of a locali-
zed organosilicone films zed state, Ng is the density

of states at the Fermi level
and k is the Boltzmann's constant. Thus, relation (1) can be
rewritten as follows:
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Plotting this relation in InoT!? vs T~ !'* coordinates we can
estimate the density of states (Ng) from the slope of the obta-
ined straight line.

Knowing the N value it is possible to estimate the average
hopping distance (R) and the average lopping energy (W) at a
given temperature:

9 1/4
R = ( _§F3FTﬁE_ ) (5)
and
Woe — (6)
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Fig.3 presents the plot of InoT¥2 vs T-¥ for polysilazane
film. The straight line dependence for low temperature region
supports the conclusion that, for this film, relation (4) is
fulfiled. The parameters describing hopping transport which we-
re calculated for 1509K (temperature upper limit where the
low temperature hopping mechanism is still visible) from the
slope of straight line, taking o=107 cm~! (SAHA et al 1976,
AUGELLI et al. 1980), are: NE=3x1O21 cm™? eV-!, R=17 A and
W=0.02 eV, If, as sugested by MOTT and DAVIS (1971) the transport
states near Fermi level are confined to a band of width about
2W, then the space density of these states is at least 102°cm™?.
This value is by two orders of magnitude higher in comparison
with the determined space density of the of the specific acceptor
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Fig. 2. Current intensity dependence on reciprocal
temperature for polysiloxane and polysilazane
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Fig.3. The JgTH? ys 171/4 plot for polysilazane
thin films

centers (TYCZKOWSKI and KRYSZEWSKI 1982) both in polisilazane
and polisiloxane. Taking into consideration the energy diagram
(Fig.1) one can see, that the hopping states and the acceptor
centers have similar energies i.e. they are situated near the
Fermi level. Such a position of the hopping states enables the
low temperature hopping process.
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This conclusion concerning the energetical position of
the hooping states is further supported by the results of the opti-
cal absorption measurements. Fig.4 shows the absorption spectra
of the studied polymer films and corresponding monomers. The
long absorption tails in the spectra of polymers has been
ascribed to localized states according to Mott's tleory (MOTT
and DAVIS 1971). It was shown that for absorption coefficient
a>10" cm~! this tails can be described by the cubic dependence
(TYCZKOWSKI et al.1981):

ahv ~ (hv - Ezpt)3 (7)

where E°P' is the optical gap interpreted as in Fig.1. Dashed
lines if Fig.4 represent the relation (7) and fit well the
experimental spectra. However, it can be seen that the lack of
fitting appears for the polysilazane film in the range of higher
energy than for the polysiloxane film. The region of this
deflection agrees with the monomer absorption maximum. It my
indicate that the monomer absorption band appears for polymer
too. The distance between monomer absorption maximum and the
maximum of fundamental absorption band in the polymer (conne-
cted with electronic transitions between the transport bands)
is about 0.5 eV. It means that the states connected with
absorption band which corresponds to monomer absorption maximum
are situated near the Fermi level (see Fig.1). One can conclude
that these states are responsible for low temperature hopping.

The fact that the low temperature hopping near the Fermi
level occurs in polysilazane films and is not observed in
polysiloxane films indicates probably of the role of nitrogen
containing structures, which are present in polysilazanes and
absent in polysiloxanes, as the hopping centers.
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Fig.4.Absorption spectra of polysilazane and poly-
siloxane and for the corresponding monomers. The
dashed lines are the curves calculated according to

eq. (7)
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High temperature transport

Now, we return to higher temperature transport which take
place near or in the valence band. The estimation of the hole
mobility p is the first step in the study of this process. It
was done in two different ways. First ~ the py value was evalu-
ated from measurements of stationary electrical conduction, and
second - using the time of flight method. This analysis concerns
polysiloxane thin films because they exhibit only one type of
carrier transport. For polysilazane thin films similar behavio-
ur can be expected because a parallel straight line in the Fig.2
is characteristic for this material too.

Stationary electrical conductivity

The stationary electrical conductivity in the thin polysi-
loxane films can be described by Poole - Frenkel relation
(SIMMONS 1971):

0=0, exp (BFIZ—EA)/kT (8)

where: o =euN, {9

E, is the activation energy, F is the applied field, B is the
Phole - Frenkel coefficient, N_is the density of generation
centers and e is the electron charge. Plotting Inc vs F'? and
knowing the E, value we can calculate o_ values. Fig.5 shows

this plot for polysiloxane film. In thif case EA=0.65 eV and
o, is about 2 x 10-% Q@ cm ~!., With the density of generation
centers, which we have determined from "anomalous transient

photocurrent" effect (TYCZKOWSKI and KRYSZEWSKI 1982) being

equal to 10!® cm™®, one can estimate the hole mobility
u=3x10"% cm?/Vs for F + O.

6[,('?.¢m]'I

10"t

10}

‘O-ISL °° °/”
’,, et 3) Fll![v/cm]llz
0 1+ 2 3 L 5 6 7 8 10 102

Fig.5. Poole - Frenkel plot (lg o vs F'2) for
polysiloxane
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Mobility measurements

For mobility determination we have applied time of flight
method using pulsed electron beam excitation. The short pulse
of electron beam generates hole - electron pairs in thin layer
of polymer film which result in a transient current due to the
application of external electrical field with appropriate
polarization.

Fig.6 presents a hole cur-
rent transient induced by electron
_n:lemmbeampdse beam pulse. Monotonous decrease of

the current suggests the dispersive
transport of holes. Thus, we can
describe carrier transport by Scher-
Montroll theory (SCHER and MONTROLL
1975) . According to this theory,
the current (j) decay can be descri-
bed by exponential functions:

5x10"A /div

500 us/div

Fig.6 Current transient in
a thin polysiloxane film. - = (1+a)
Applied voltage 120 V I~t for t >ty (10)

and 0 < o < 1

j~‘t_(1_a) for t < tg

where t. is interpreted as the transit time of the carrier front
and a is a parameter describing the degree of the dispersion.
The hole current transient from fig.6 plotted in the Scher -
Montroll system is presented in fig.7. The a values, which were
estimated from the slopes of both straight lines are similar
(about 0.8) and the sum of the slopes is about 2, consistently
with the theory of Scher - Montroll.

The carrier mobility cag be calculated as follows:

d

n = (1
toV

where V is the applied voltage and d is the film thickness.
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Fig., 7 Scher - Montroll plot for transient hole
current in thin polysiloxane film



124

The time of flight experiments show a small decrease of

values with increasing applied voltage. It is inconsistent with
Scher - Montroll expectation but this behaviour was already
found for the some amorphous materials with dispersive transport
(YOSHINO et al. 1978). Exrapolating the values of mobility to
V=0 we obtained p=3.5 x 10-% cm?/Vs. This result is in agree-
ment with the value of mobility obtained from stationary condu-
ctivity measurements.

CONCLUSIONS

The transport of holes, originated from dissociation of
acceptor centers, occurs in polyorganosilicon films involving
transport states situated near or in the valence band. The va-
lues of hole mobility, estimated from the stationary conducti-
vity measurements and calculated from time of flight measu-
rements are identical and equal to 3 x 107° cm?/Vs. It seems that
holes are transported in the same way as well in stationary as
in pulse conductivity. The activated character of the hole gene-
ration process causes that the stationary conductivity and thus
stationary charge transport for the materials under study cle-
arly appears at about room temperature and above 1it.

The presence of the nitrogen containing structures in
polysilazanes probably involves the appearance of a band of
states near the Fermi level. These states are responsible for
the low temperature hopping transport in polysilazane films.

The determination of the molecular structures connected
with the transport states in thin films of polyorganosilicones
is the aim of the work in progress.
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