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Hot-Electron Transport in Polymeric Dielectrics
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An internal photoemission experiment which yields the energy-dependent momentum-
and energy-loss rates of hot electrons is designed. The results on solid hydrocarbon films are
analyzed in terms of the appropriate Boltzmann equation. Band mobilities are obtained for
hot electrons. Their energy-loss rate has a maximum at the LO phonon energy associated
with the C-H stretching mode.

PACS numbers: 73.60.Hy, 72.20.Jv, 77.55.+ f, 79.60.Eq

Thermalized carriers at the bottom of the conduc-
tion band in large band-gap insulators can be stud-
ied by classical transport experiments (e.g. , drift-
mobility and photocurrent measurements) in mac-

roscopic specimen. Unless the phonons which con-
trol hot-electron (E„;„»kT) scattering are ther-

mally populated, the extrapolation from Ek;„—kT
data to hot-electron transport is not possible. As a

result, hot-electron scattering in polymeric insula-

tors is only poorly understood, although it plays a

crucial role in various areas.
Hot-electron processes are particularly important

in the field of dielectric breakdown. In good poly-
meric insulators, intrinsic breakdown is reached at
electric fields of the order of 5 MV/cm. ' For im-

pact ionization across the energy gap (EI —10 eV),
one is therefore led to mean free paths of —50 A,
or to mobilities in the 50 cm /V s range. This is at
odds with drift-mobility experiments which yield

p, =10 —10 " cm /V s in polyethylenes (PE),
and even with the highest mobilities of —1

cm /V s observed in high-quality alkane single

crystals. Hot electrons also play an essential role
for the injection of space charge into polymeric in-

sulators in regions with a strongly inhomogeneous
electric field. As will be shown in a forthcoming
publication, the injection of hot-carrier space
charge is an essential element in the growth of
dielectric discharge trees and in dielectric aging.

In order to establish the crucial quantity that
describes the transport properties of hot electrons in

high electric fields, we consider the energy and

momentum conservation for a charged particle of
effective mass m', moving in an insulator under the
action of an electric field F:

E = —y„(E)E+ euF, (Ia)

n = —
y~ (e) m'u+ eF.

Here v denotes the velocity of the particle, and we

have introduced the energy- and momentum-loss
rates y„(E) and y~(E), respectively. Following a

procedure developed for the theory of laser break-

down in solids, we can then obtain analytical ex-
pressions for the average energy (E) and for the
multiplication rate P of hot electrons. It turns out
that both expressions contain

dE' m'y„E' yp
E'

as the only nontrivial quantity. Therefore, our aim
will be to determine the energy dependence of
m'y„y~ between kT and the gap energy.

Information about the transport properties of hot
electrons can be obtained via photoelectron spec-
troscopy techniques. A number of substrate-
overlayer studies have been made in order to deter-
mine the mean free path A. of photoelectrons in
various materials. This search has resulted in the
well-known pseudouniversal curve with a

0
minimum of A.

—10 A near Ek;„=50 eV. In partic-
ular for organic materials, however, data are very
scarce in the Ek;„( 10-eV range.

In this Letter we present a photoemission tech-
nique which, combined with an analysis of the cor-
responding transport problem (Boltzmann equa-
tion), provides a powerful basis to obtain quantita-
tive and energy-dependent results about the scatter-
ing of hot electrons in polymeric dielectrics. Our
method of internal photoemission for transport
analysis (IPTA) is based on the injection of hot
electrons at a metal/dielectric interface into the
insulator's conduction band. The photoelectrons
transmitted through the insulator are analyzed with
respect to the changes in their energy distribution,
induced by the scattering events inside the dielec-
tric.

In the past, some low-energy results for the pho-
toyield transmitted through thin solid hydrocarbon
films have been obtained, but the analysis of such
experiments is inherently difficult and their inter-
pretation therefore rather arbitrary. More reliable
information is obtained by measuring electron ener-

gy distribution curves (EDC's), rather than only
the total photoyield. Recently, Bader et al. ' have
performed electron transmission experiments in
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FIG. 1. Energy distribution curves of photoelectrons
emitted from Pt after traversing n-C36H74 paraffin films
of various thicknesses.

solid Xe and used a two-flux model to extract elas-
tic and inelastic mean free paths from their data.
They did, however, not take into account inelastic
losses due to LO phonons (Frolich scattering" ),
which represent the dominant scattering mecha-
nism in polymeric dielectrics, as we shall see below.

Our experiments were performed in the UHV
chamber of a KRATOS ES300 photoelectron spec-
trometer equipped with a special low-voltage
analyzer. The linear alkane hexatriacontane, n-

C36H74 was used as insulator material because of its
model character for PE-compounds, ' its slightly
negative electron affinity (no energy barrier at the
dielectric-vacuum interface), and its in situ evapora-
tion and UHV compatibility. Pt and Ir substrates

0
with C36H74 overlayers of thicknesses d = 5-640 A
were investigated, and sub-band-gap light was used
to avoid photoionization inside the insulator. The
photon energy was varied to inject carriers at vari-
ous excess kinetic energies into the conduction
band of the dielectric.

Typical experimental results are presented in Fig.
1. The electrons with the highest kinetic energies
are those lifted above the metal's Fermi energy EF
by hcophptpn Ekln is defined with resPect to the
conduction-band (CB) edge E, of the dielectric.
The shift of the photoelectric threshold with alkane

covering is small ( —0.2 eV), which demonstrates
good matching of the substrate and the overlayer
work functions. EF is located —4.5 eV below E„
quite precisely in the middle of the hexa-
triacontane's 8.8-eV energy gap. ' Any charging of
the dielectric due to traps would result in a further
shift of the photoelectric threshold, but no such
shift is observed for d & 20 A.

The decay of the EDC's with film thickness im-
mediately confirms the high carrier mobilities in-
ferred from the avalanche model for intrinsic break-
down at F„;,—5 MV/cm: the characteristic length
scale for the hot electrons is 50-100 A. The inten-
sity decrease is stronger for electrons with higher
energies, and we observe a marked relative pileup
in the slow electron intensity. This reflects the
down scattering of the fast carriers by effective in-
elastic processes. The structure at —5.0 eV above
EF (Ek;„—0.5 eV) can be identified as a final-state
effect due to a sharp maximum in the alkane CB
density of states. '" The large low-energy peak at
Ek;„( —,

' eV for films thicker than —100 A. corre-
sponds to the carriers cascaded down to near the CB
edge. Note that the resolution of the experiment is—0.2 eV and does not allow for a detection of fine
structure near the bottom of the CB. The low-
energy peak directly leads to the identification of
the main energy-loss mechanism in our PE model
compound: The LO phonon associated with the C-
H stretching mode must be a most effective inelas-
tic scatterer since the observed scattering length
rises dramatically belo~ its characteristic energy of
A 0)ph

-= 0.36 eV. A comparison of the EDC 's
shown in Fig. 1 with similar curves obtained at dif-
ferent photon energies reveals very different
shapes, particularly at the high-energy end of the
spectra. This illustrates that the scattering rates in-
volved vary strongly with energy, even above
Ekin + phonon.

To obtain a quantitative analysis of the experi-
mental results, we have to solve the Boltzmann
transport equation, with appropriate boundary and
initial conditions, for the plane-layer configuration
used in our IPTA experiment. For a complete
description of the EDC's one has to take into ac-
count the discrete inelastic cascade of the hot elec-
trons down the energy axis in steps of DE=0.36
eV, the energy of the dominant inelastic scattering
process. Such cascade calculations are in progress. '

They are, however, rather involved, and a corre-
sponding analysis of the EDC's in terms of
(energy-dependent) transport parameters is not
completely unambiguous. %e have therefore de-
cided to first restrict ourselves to the topmost AE
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interval of the EDC's only. From this energy re-

gion, electrons are scattered down by inelastic
processes, but none are supplemented from higher
kinetic energies. Our original Boltzmann equation
is therefore reduced to a comparatively simple one-
speed transport equation which can be solved by
various methods. ' The energy dependence of the
transport properties is then scanned by varying
Ek;„'", the position of the topmost interval on the

energy scale, via a variation of A Gc)ph

Applying a two-flux approximation to the one-

speed transport equation, the phototransmitted in-

tensity through a layer of thickness d exhibits the
following asymptotic dependences:

1 —(I, '+2l; ')d, d 0, (2a)

exp( —X,ff d), d (2b)
I(d)
I(0)

where

ff1 2[I —1(I ]+ I 1)]1/2

and where we have assumed that particle injection
and scattering mechanisms are isotropic. The elas-

tic and inelastic scattering lengths are denoted t,
and I;, respectively. It is seen that an exponential
Ansatz for the damping of fast electrons in over-

layers is justified for large d only, and that the cor-
responding effective scattering length A.,« is not just
given by the inelastic mean free path, as is often as-

sumed.
Experimentally determined topmost-interval in-

tensities are plotted logarithmically versus film

thickness d in Fig. 2. For large d, the slope yielding

ff is well defined. According to Eqs. (2), the
small-d slope should be larger than X,ff'. However,
an increase is only observed after a downward cur-

0
vature in the 40—100-A range. At present the ori-
gin of this discrepancy, which presents a separation
of I, '(E) and I; '(E), is not clear; this point is
under further investigation. Treating the first
—100 A as a black box, and thus avoiding in par-
ticular problems with the image potential, the ex-
ponential decay at large d still allows for an incre-
mental analysis of A,ff(E).. It is then, however, no
longer possible to separate I, ' and l;

Fortunately, we are not seriously hindered by this
problem to answer our original question related to
the energy dependence of m"y„(E)y~(E), as it can
easily be shown that

m"y„(E)yp(E) = [X,rr'(E)] AE/2 (4)

The experimentally determined function X,ff (Ek )'
is shown in Fig. 3. Regarding its interpretation, we
recall that for Ek;„)Itch, h»», y„(Ek;„) is dominat-
ed by LO-phonon emission. One therefore expects

to exhibit a maximum in the vicinity of
Ek;„=0.36 eV and then to decrease according to
y„—Ek;„(Frohlich scattering, see also Ref. 7).
This process largely controls the behavior of X,ff'
near t soph, „,„. Acoustic-phonon processes ap-

parently become important at Ek;„& 1.5 eV. If we

assume pure Frolich scattering, the resulting mobil-
ity value is p, = 20(m, /m')'/ cm2/V. s at E„;„=1.2
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FIG. 2. Damping of photoelectrons originating from

the vicinity of the Pt Fermi edge (topmost-interval

analysis) by the scattering processes in n-C36H74 over-

layers.
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FIG. 3. Inverse effective scattering length of hot elec-
trons in the organic insulator n-C36H74 as a function of
their kinetic energy.
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eV. In addition, our data are consistent with a mo-
bility about an order of magnitude higher at

kin (~~phonon
In conclusion, we have shown that our internal

photoemission method, combined with an appropri-
ate Boltzmann equation analysis, can be successful-
ly used to investigate the transport properties of hot
electrons in polymeric dielectrics.
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