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Effective mean free paths of hot electrons in the energy range 0.5 eV S E,;; =20 eV are deter-
mined experimentally for the paraffin n-CysH,, with the internal photoemission for transport
analysis method. The hot-electron transport parameters are discussed in terms of fundamental
scattering mechanisms in organic dielectrics. The influence of hot-electron-induced trap formation
on the transport properties is investigated. The consequences for dielectric breakdown are pointed

out.

I. INTRODUCTION

The importance of the transport properties of hot elec-
trons for dielectric breakdown in terms of the avalanche
breakdown model was discussed in detail in previous pa-
pers."'2 It has been shown that relevant quantities such as
the mean kinetic energy, the electron multiplication rate,
and the breakdown field of dielectrics can be calculated if
the energy- and momentum-loss rates, y,(E,,) and
¥p(Ekin), of electrons with kinetic energies ranging from
~kT up to the intergap excitation threshold are known.
Sparks et al.! calculated energy- and momentum-loss
rates in alkali halides and consistently explained laser
breakdown in terms of the avalanche model. A compar-
able calculation appears very involved for organic dielec-
trics since many individual scattering channels would
have to be taken into account. The scattering due to the
emission of high-frequency optical phonons can, in princi-
ple, be described theorectically given some knowledge on
the relevant energy-loss processes for electrons with ener-
gies in the eV range in hydrocarbons.> On the other hand,
an analytical description of y,(E) seems to be out of reach
at present. Therefore, the method of internal photoemis-
sion for transport analysis (IPTA) has been developed in
our laboratory in order to determine energy- and
momentum-loss rates in organic dielectrics experimental-
ly* The IPTA method was successfully applied to the
linear alkane hexatriacontane, n-C;sH,;, which was
chosen for the experiments due to its model character for
polyethylene.”> The IPTA method is based on the injection
of hot electrons into the conduction band of insulators at
a metal-dielectric interface and the measurement of ener-
gy distributions of electrons transmitted through insulat-
ing films of varying thickness. The changes of the energy
distributions contain information about the scattering
events inside the dielectric. The energy-level diagram of
the internal photoemission experiments for transport
analysis is shown in Fig. 1.

In order to quantitatively determine transport parame-
ters from the measured energy distributions, the
Boltzmann transport equation, with appropriate boundary
and initial conditions for the plane-layer configuration
used in the IPTA experiments has to be solved. However,
it is not necessary to solve the problem in its full generali-
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ty. For the topmost energy interval (E,,—AE, E_,,) of
the energy distribution (AE is a characteristic energy loss
in the dielectric), electrons are scattered out of the interval
by inelastic collisions but none are scattered into this in-
terval from higher energies. This fact simplifies the
analysis and yields the following asymptotic expressions
for the intensity of electrons transmitted at the topmost
energy interval through a dielectric film of thickness d
(Ref. 4):

(1 1 > (1 )
1(d)/1(0)~ 1—C/l,+"/1,)d, asd—0 a
exp( —d /Aeg) asd— o , (1b)
Aeff=%(lulp)’/2 . (2)

The inelastic and elastic scattering lengths, /, and [,, are
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FIG. 1. Energy-level diagram of the IPTA (internal photo-
emission for transport analysis) experiment. In our case, poly-
crystalline Pt was used as electron emitter, and the long chain
paraffine n-CicH4 as dielectric.
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related to the loss rates by the expression /,,
=7a,(2E/m*)"/2. The energy dependence of the trans-
port properties is scanned by varying the energy position
of the topmost energy interval. The effective scattering
length, Ay, is determined by the exponential thickness
dependence of the intensity at E,, for large film thick-
ness as given by formula (1b). As can be seen from the
formalism derived in Refs. 1 and 2, the product /,/, (or
Yu7Yp) is the only non trivial quantity required for the cal-
culation of breakdown properties. Therefore, the separa-
tion of /, and I, is not necessary within the framework of
avalanche breakdown.

The experiments published previously* were restricted
to electron kinetic energies E;, <2.4 eV. We now present
the extension of IPTA experiments up to kinetic energies
of about 20 eV, covering the whole energy range required
for the calculation of breakdown properties in terms of
avalanche breakdown.

After giving some experimental details in Sec. II, we
also discuss the influence of hot carrier induced radiation
damage on the experimental results (Sec. III). Radiation
damage during experimental transport studies of electrons
above 3.5 eV kinetic energy appears to be inevitable and
has to be taken into account when interpreting experimen-
tal results. In Sec. IV experimental results of hot-
electron transport are presented. Finally, these results are
discussed with respect to various scattering processes in
dielectrics as well as with respect to experimental and
theoretical work on inorganic insulators.

II. EXPERIMENTAL

The experiments were performed on a KRATOS ES300
photoelectron spectrometer with a special analysis mode
for low-energy electrons. Polycrystalline Pt was evaporat-
ed in situ as injector. Its work function was monitored
until perfect matching with the dielectric was obtained by
contamination in the submonolayer range. This pro-
cedure guarantees flat band conditions at the
metal/solidus dielectric interface. Then dielectric films
(high-purity linear alkane n-Ci¢H;,) were evaporated in
situ onto these Pt substrates. The threshold for internal
photoemission was found at 4.4+0.2 eV, indicating that
the Pt Fermi level adjusts itself precisely at midgap posi-
tion of the 8.8 eV band-gap insulator. The thickness of
the overlayers was controlled by a calibrated crystal moni-
tor. During experiments, the pressure was in the lower
10=° Torr range. For internal photoinjection with low en-
ergies (fiw £ 6 eV), a high-pressure Hg-Xe arc lamp and a
uv monochromator were used. Injection with higher pho-
ton energies was achieved with a capillary discharge tube
attached to the spectrometer. Variation of the gas used
for discharge allows the excitation with photon energies of
21.2 eV (He), 16.8 eV (Ne), 11.7 eV (Ar), ~10.1 eV (K1),
and ~8.4 eV (Xe).

The analysis with the method of the topmost energy in-
terval requires a sharp cutoff of the injected electron dis-
tribution. Capillary discharge tubes usually produce a
small fraction of high-energy photons above the main ex-
citation energy used for photoinjection. We tested the in-
fluence of this high-energy background on the determina-
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tion of A, by varying its intensity via the pressure of the
gas discharge. The damping of the intensity at
E ... =Eg+fiw appears to be independent of the intensity
of the high-energy background. However, if the back-
ground is too large, with increasing overlayer thickness d,
the discountinuity at E,, rapidly disappears in the back-
ground signal. Therefore, the spectra recorded with Kr
and Xe excitation could be evaluated for d <100 A only.
For this reason only upper limits of A,y could be deter-
mined in these two cases.

For excitation with photon energies #iw 2 8.8 eV (ioniza-
tion threshold of n-C;sH,4), photoionization within the
overlayer occurs in addition to photoinjection. However,
the top of the valence band of the alkane film is 4.4 eV
below the Fermi level of the system. Therefore, injected
electrons are separated from overlayer states within the
topmost 4.4 eV of the electron energy distributions. Since
charging effects due to the photoionization of the dielec-
tric overlayer were not a problem at the film thicknesses
used, we are not hindered to extract A from the topmost
energy interval (Fig. 2). For fiw 27.0 eV, optical absorp-
tion in the overlayer has to be considered. For large d
this was done by using

I1(d)/1(0)~ exp[ —(p+Agf )d] 3)

instead of formula (1b). The absorption coefficient y was
extracted from optical measurements in n —C;gH;4 and
polyethylene.® The correction is small, z <0.2A% .
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FIG. 2. Energy-distribution curves of photoelectrons emitted
from Pt covered with n-CiH,, paraffine films of various
thicknesses. The dark area marks the energy range of pho-
toelectrons originating from the Pt substrate. AE is the energy
interval used for the analysis with the topmost interval method.
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III. RADIATION DAMAGE BY HOT ELECTRONS

Since the electrons used to probe the transport proper-
ties of the dielectric films can have quite significant kinet-
ic energies, the question of electron-induced transforma-
tions in the dielectric under investigation must be ad-
dressed. Strong evidence was found that the injection of
electrons with E;, 24.0 eV (#iw 2 8.5 eV) leads to signifi-
cant chemical changes of the alkane films, while no
transformations were observed for Ey;, <3.5 eV under
our experimental conditions over days.

Firstly, the injection of electrons above a threshold en-
ergy, E,;,=4.0 eV, appears to stabilize the films. Unirra-
diated films evaporate close to the melting temperature at
76°C under UHV conditions. Film irradiated above
threshold energy, however, are stable up to about 150°C.
If hot electrons produce (C—H)-bond scission, polymeri-
zation and cross linking might occur. Both processes in-
crease the thermal stability of the films.

Secondly, we observe that the injection of electrons
above E, generates a large number of new deep electron
traps in the energy gap of the insulator. Trapped elec-
trons can be exited into the conduction band either
thermally or optically with subband-gap light
(fiw < Eg/2). Since the bottom of the conduction band
lies above the vacuum level, excited electrons are spon-
taneously emitted into vacuum and can be detected, a
phenomenon usually called exoelectron emission. A de-
tailed discussion of exoelectron emission in alkane films
will be presented elsewhere. In films irradiated with light
producing hot electrons below the threshold energy, only
about 10'° electrons/cm® can be excited with subband-gap
light. During electron injection above E;,, the density of
detectable trapped electrons rapidly increases to about
10'¢ electrons/cm’. This observation strongly supports
the hypothesis of bond scission with subsequent polymeri-
zation and crosslink formation.

We therefore carefully investigated the influence of ra-
diation damage on the effective mean free paths. No sig-
nificant changes could be detected for irradiation doses re-
quired for the determination of A,y We recall that A is
extracted from the topmost energy region where the elec-
tron kinetic energies are reasonably large compared to the
depth of the trap potentials. At higher doses A de-
creases by a few percent only. Therefore the measured
values of A,y are considered as those of as-grown
n-CysH4 films. It is clear, however, that measured
values of A.g contain a small inelastic scattering contribu-
tion due to chemical damage which cannot be separated
from phonon contributions. On the other hand, the small
influence of chemical damage (bond scission, polymeriza-
tion, cross linking) on Ay in n-C3Hy4 indicates that the
transport of really hot electrons (Eyi, >>%iphonon) in
polyethylene can be expected to be fairly similar to that
observed in our model dielectric.

The electrons at the low-energy end of the spectrum,
however, have thermal or nearly thermal energies and are
strongly affected by the trap distribution. As can be seen
from the energy distribution of transmitted electrons
shown in Fig. 3, irradiation severely affects the transport
of electrons with E,;,<0.5 eV. The peak on the low-
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FIG. 3. Energy-distribution curves of photoelectrons emitted
from Pt after traversing a 150 A n-CyHq, paraffine film before
and after irradiation with 17 eV electrons. Note the drastic de-
crease of transmitted intensities for low-energy electrons in the
irradiated film.

energy edge of the spectrum is attributed to thermalized
electrons scattered down to the bottom of the conduction
band during the transport through the film. Obviously
the transport of these low-energy electrons is strongly
suppressed by irradiation. Low-energy electrons get
trapped in irradiation-induced defects before they reach
the surface of the overlayer and space charge starts to
build up. If this happens, down-scattered electrons will be
rejected to the substrate by the internal electric field and
the low-energy electron peak does not recover even in a
steady-state situation with constant density of trapped
electrons. This is in fact what we observe.

Nevertheless, from what has been said before, we con-
clude that reliable values for the effective scattering
length of n-C3;¢H44 can be measured by the IPTA method
in the electron energy range 0.5 < E;;, £20 eV. Experi-
mental results are presented in the following section.

IV. EXPERIMENTAL RESULTS

Electron energy distribution curves (EDC’s) obtained
with photon energies #iw £6.5 eV and the resulting mean
free paths, A, are found to be in agreement with results
published earlier.* Typical results for higher photon ener-
gies are shown in Figs. 2, 4, and 5. The variation of
EDC’s with overlayer thickness is shown in Fig. 2. The
excitation energy is 16.8 eV (Ne I). For very thin over-
layers already, the EDC’s are dominated by valence-band
excitations of n-CysH74. If we assume that the intensity
of the alkane’s valence band increases with thickness as
I1(d)/I(d = w)=1—exp(—d/A;) the mean information
depth A; is found to be 20 A. This value is in reasonable
agreement with the effective mean free path derived from
the damping of the intensity at the topmost energy inter-
val shown in Fig. 4. From the slope of this curve we ob-
tain A.=20 A for electrons of ~12 eV kinetic energy.
For comparison the damping of electrons with Ey;,=1.1
eV (iw=35.5 eV) has been measured on the same set of
films. The result is included in Fig. 4: At this energy
Aegr=30 A. In Fig. 5 similar results with fiw=11.7 eV
are shown. For d 280 A, the observed intensity decreases
exponentially with film thickness and the slope of the
high d limit, yielding A.g, is well defined [Eq. (1b)]. On
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FIG. 4. Damping of photoelectrons originating from the vi-
cinity of the Pt Fermi edge (topmost interval analysis) by the
scattering in n-C3;sH,4 overlayers. The two curves (E,,=1.1
and 12.4 eV) are measured on the same set of films. Two in-
dependent sets of measurements are shown (O,@®).

the other hand, all measurements show deviations from
the exponential dependence at small d. According to Eq.
(1a) an upward curvature is expected, but a downward
curvature is observed. This discrepancy possibly ori-
ginates from problems at the metal-dielectric interface
and is not understood in detail. Since we are interested in
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FIG. 5. Same as Fig. 4 but with E,;,=7.3 eV.
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FIG. 6. Inverse effective scattering length of hot electrons in
the organic insulator n-C3;¢H,4 as a function of kinetic energy
(®). For comparison results in NaCl () and NaF (A) from Ref.
10 are included. The pseudouniversal curve derived from mea-
surements in inorganic insulators (dashed) from Ref. 7 and the
calculated inverse effective scattering length for electron-
electron scattering in polyethylene (dash-dotted) are shown. The
solid lines show the inverse effective scattering length in NaCl
calculated from energy and momentum relaxation frequencies
published in Ref. 1. The individual contributions from optical
and acoustic phonons are indicated.

At only, we are not hindered by this inconsistency which
precludes the separation of /, and /,.

In Fig. 6, all experimentally determined values of the
inverse effective mean free path are plotted versus elec-
tron kinetic energy. Although the real scattering rate is
given by v.=Ag (2E/m*)'"?, we prefer to plot and to
discuss Ags because we do not wish to speculate on m*.
For simplicity, we will use the term “scattering rate” for
Ag in the following, and we will now discuss the energy
dependence of this quantity in terms of various scattering
processes in the dielectric film.

V. DISCUSSION

The scattering mechanisms for the hot electrons, such
as electron-phonon and electron-electron scattering are
known to be strongly energy dependent. Let us consider
the contribution of electron-electron scattering to the ef-
fective scattering rate, A g, first.

The inelastic mean free path due to electron-electron
scattering in metals has been intensively studied in the
past. Similar studies in organic dielectrics are rare, espe-
cially at the kinetic energies of interest here. Experiments
in metals resulted in a pseudouniversal curve with a
minimum of A.=10 A at about 50 eV Kkinetic energy,
particularly well-known in the field of electron spectros-
copy. For a review see Ref. 7.
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The effective scattering rate, Agf, may be calculated
from the dielectric response function 1/€(g,0) (Ref. 8),

At ~ f %dq -;—fomm“da) Im

elg,w)
X OE —E pin —fiew) . (4)

E is the energy of the electron, g and #iw are the momen-
tum transfer and the energy involved in the transition.
E i, is the conduction-band edge in the case of an insula-
tor. The step function © and the upper integration limit

Omax="%/2m [kz—(k ‘—q)Z]

take care of energy conservation.

The calculation of Agl based on the experimentally
determined  dielectric  energy-loss  function  of
polyethylene’ is shown by the dash-dotted line in Fig. 6.
Since the optical properties® and the electronic structure’
of n-Ci;¢Hj, are similar to those of polyethylene, this
curve can be expected to be valid for the model compound
too. The calculated curve is in reasonable agreement with
the pseudouniversal curve (dashed in Fig. 6) derived from
various experiments in inorganic insulators.” The broad
maximum of the effective electron-electron scattering
rates in the region between 10 and 100 eV is largely due to
plasmon excitations.

For comparison, experimentally determined inverse
mean free paths in NaCl and NaF (Ref. 10) as well as one
point derived from the damping of the Pt 4f core-level in-
tensity with n-C;sHy, overlayers are included in Fig. 6.
All these results indicate that the effective scattering rate
of organic dielectrics can be approximated by the pseu-
douniversal curve derived for inorganic insulators in this
high-energy range. The contribution of electron-electron
scattering to Az is obviously significant for electron ener-
gies E;, > 15 V.

We now proceed to the discussion of the high scattering
rates measured below 10 eV kinetic energy. For this pur-
pose we start with the calculation of Ag for the typical
inorganic insulator NaCl. The effective mean free path
determined in our experiment [Eq. (2)] can be written as

172
2E
*

Al E)=5[vs (E)y, (E)]'? (5)

Using the scattering rates and the effective mass from the
work of Sparks ef al.,! the effective scattering rates of
NaCl follow directly from Eq. (5). These authors deter-
mined energy-loss rates from the calculated energy-loss
parameter, #iwphonon Vu» DY setting the average phonon en-
ergy equal to the Debye energy kz®p. This average pho-
non energy corresponds to the characteristic energy loss
required for the solution of the Boltzmann equation ap-
propriate to our experiment (see Sec. I). The effective
scattering rates derived from Sparks’ calculation are
shown in Fig. 6 (solid line). The contributions of optical
and acoustic phonons to A as well as the total scattering
rates are shown. Equation (5) in this simple form is valid
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for isotropic scattering only, and the calculated effective
scattering length is underestimated by Eq. (5) if predom-
inant forward scattering occurs. This is possibly the case
at high energies, where acoustic phonon emission dom-
inates. However, the general trend of AZ is certainly
correct over the whole energy range. The calculated effec-
tive scattering rates in NaCl show the same trend as our
experimental results in # -C3gH,4.

The energy dependence of Az is related to the scatter-
ing processes as follows: The large effective scattering
rates measured in the vicinity of 360 meV, the approxi-
mate LO-phonon energy associated to the stretching
modes of the —CH; and —CH,— units,’ arise from LO-
phonon emission (Frohlich scattering). With increasing
energy Agf rapidly falls off due to the decrease in the LO
scattering matrix element for Frohlich scattering. Above
1.5 eV, acoustic phonon emission becomes important and
dominates at high energies because of the rapid increase
of the momentum scattering rate due to quasi-
elastic deformation potential scattering. Momentum
scattering thereby prevents electron runaway above the
LO-phonon energies and acts as a stabilizing process on
the electronic energy distribution. A similar result has
been found by DiMaria et al. in a study of hot electrons
in Si0,.!!

At electron energies Ey;, =E,=8.8 ¢V, an additional
scattering channel (impact ionization) opens up. From
the experimental data however, there is no clear indication
that A changes significantly around 8.8 eV. Yet, the
loss channel due to electron-hole pair formation is detect-
able in direct electron energy-loss experiments on
n-CiH;,.'2 If impact ionization takes place, the initial
electron is scattered down in energy and disappears from
the topmost energy interval. Therefore, an order of mag-
nitude estimate of the mean ionization length of electrons
with energies Ej;, = E, may be obtained by introducing
an additional contribution to the inelastic phonon scatter-
ing rate arising from impact ionization y,=yE"""
+ylomzation and by assuming that the increase of Ag; due
to impact ionization is of the order of the experimental
accuracy at 8.8 eV. We further assume that the momen-
tum scattering rate y, in n-CysHy4 is of the same order of
magnitude as in NaCl. This procedure yields a value of
100—200 A for the mean ionization length. This value is
considerably larger than the effective mean free path due
to acoustic phonon emisson and some ten acoustic pho-
nons are emitted before ionization takes place. Energy-
band calculations, although imprecise for the conduction
states, indicate that the phase space for impact ionization
is rather restricted in saturated hydrocarbon chains.”!?
Momentum conservation is generally not fulfilled for the
transition energies, and hence A.¢ is controlled by acoustic
phonon emission even at Ey, > E,.

The effective scattering rates derived from Sparks’ cal-
culation' are similar to those measured in n-CygHy,.
Hence, multiplication rates and breakdown fields in terms
of avalanche breakdown are expected to be approximately
the same in the two materials.? Experimentally deter-
mined breakdown fields for n-C;sH;, (Ref. 14) as well as
for NaCl (Ref. 15) are in fact both very close to 1
MV/cm. The calculated breakdown field based on our
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experimentally determined scattering rates yields 1.0
MV/cm (Ref. 2) and agrees well with the directly mea-
sured values of the order of 0.9—1.4 MV/cm (Ref. 14).
Our results demonstrate that the IPTA method can be
used to measure the effective scattering rate over the
whole energy range relevant for dielectric breakdown.
Based on the experimental results, the breakdown
behavior can be predicted in terms of the avalanche break-
down model. The energy dependence of the experimental-
ly determined effective scattering rates agree with those
predicted from fundamental scattering processes such as
Frohlich scattering (LO-phonon emission) and deforma-
tion potential scattering (acoustic phonon emission) in or-
ganic dielectrics. We find that the effective scattering
length for electron energies Ey, >0.5 eV is only weakly
affected by radiation damage (polymerization, cross-link
formation, and according electron-trap formation). In
contrast, the transport of low-energy electrons, E,;, <0.5
eV, depends strongly on chemical damage. Based on these
results, we may speculate on the origin of the high break-
down field in polyethylene (~6 MV/cm) compared to
that of n-C3Hyy. From the radiation damage experi-
ments it is not expected that the transport of electrons
with energies E\;, > 0.5 eV is significantly different in the

two materials. Hence, the difference of the breakdown
behavior seems to originate from the different transport
properties of low-energy electrons in the two materials.
Due to localization, y, diverges in disordered materials
below the disorder localization energy which is expected
to be a few tenths of an eV. This may play a substantial
role for the breakdown in amorphous or partly amorphous
materials such as polyethylene. Zeller!® studied the influ-
ence of disorder localization on hot electron transport. He
found that there exists a critical field at which a rapid
transition from a small thermally activated hopping con-
trolled mobility to a many orders of magnitude higher
band conductivity occurs and that the avalanche would
form at or near the critical field of the mobility transition.
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