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Charge Transport Mechanism and Trap Origin in Methyl-
Terminated Organosilicate Glass Low-k Dielectrics

Timofey V. Perevalov,* Andrei A. Gismatulin, Andrei E. Dolbak, Vladimir A. Gritsenko,
Elena S. Trofimova, Vladimir A. Pustovarov, Dmitry S. Seregin, Konstantin A. Vorotilov,

and Mikhail R. Baklanov

The charge transport and trap nature responsible for the leakage current through
thermally cured methyl-terminated organosilicate low-k dielectric films are
studied. It is found that the Frenkel emission does not describe correctly the
charge transport in the studied films. The charge transport occurs via the
phonon-assisted electron tunneling between neutral traps as described in the
Nasyrov—Gritsenko model. The obtained thermal trap energy value 1.2 eV is close
to that for the oxygen divacancy (Si—Si—Si cluster) in SiO,. The electron energy
loss spectra, photoluminescence excitation of 2.7 eV blue band spectra, and data
from the simulation within the density functional theory for the model SiCOH
low-k structure confirm the presence of oxygen vacancy and divacancy in the
studied films. The thermal trap energy value estimated as half the Stokes shift of
the blue luminescence also gives a value close to 1.2 eV. It proves the correctness
of the Nasyrov—Gritsenko model for describing the charge transport mechanism
and the conclusion that oxygen divacancies are traps responsible for the leakage

1. Introduction

The signal propagation delay in intercon-
nects (RC delay) is a serious obstacle to
the continued scaling of ultra large scale
integration (ULSI) devices. The total resis-
tance (R) of conductive wires in the inter-
connect structure and capacitance (C)
between the wires are the factors signifi-
cantly affecting the chip performance.!"
The replacement of traditional Al by low-
resistivity conductors (Cu, Co, etc.) has
decreased the interconnect RC delay and
increased the IC (integrated circuit) speed.
Various low-dielectric-constant materials
(low-k), from organic polymers to zeolites
and metal-organic frameworks, were being
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evaluated as possible candidates for ULSI

interconnects during the last two decades.

Most of them demonstrated challenges

making them hardly compatible with the
existing ULSI technology.”) At the end, organosilicate glasses
(OSGs, e.g., SiICOH) were selected for the interconnect technol-
ogy because they have properties similar to those of traditional
SiO,, use the same technological equipment, and have better
compatibility with damascene integration technology. OSG films
are deposited by using a mixture of a matrix-forming precursors
and porogen. In plasma enhanced chemical vapor deposition
(PECVD), the porogens are normally sacrificial organic
polymers (a-terpinene, epoxycyclohexane, nonbornene, and
others).l”) Spin-on deposition uses self-assembling or nanoclus-
tering techniques. The most advanced spin-on deposition is
based on the so-called evaporation induced self-assembling
(EISA) technique,! in which the selected porogen templates
(surfactants) are introduced into the solution together with the
matrix precursor. The template molecules are self-organized
during the solvent evaporation and form micelles. Then they
are codeposited together with the matrix precursor and form
ordered porosity after thermal removal (curing).”! The matrix
has a silica-like structure, in which some bridging oxygen atoms
are replaced by terminal (methyl) groups and/or bridging hydro-
carbon groups (Figure 1). The curing can also be assisted by UV
photons and e-beams that significantly improve the porogen
decomposition rate. The terminal methyl groups are needed
to keep low-k hydrophobicity,®) while the bridging organic
groups improve the mechanical properties of the OSG films.[”*!
Carbon-bridged films also need to contain a certain amount of
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Figure 1. Schematic presentation of a) stoichiometric SiO, and b) methyl-terminated and c) ethylene-bridged OSG low-k films.

terminal groups to provide sufficient hydrophobicity to low-k
films that are introduced by the precursor optimization or by
additional silylation after the deposition.”! The porogen removal
occurs through the polymer fragmentation with the formation of
volatile species, but the process should be sufficiently gentle to
avoid significant destruction of SiCHj; bonds in the matrix. UV
photons may also have negative impacts on the electrical prop-
erties of the films. First of all, the porogen fragmentation can
form the so-called porogen residues, which are amorphous
carbon-like compounds.'®™! Their presence in a low-k film
significantly increases the leakage current and reduces the
breakdown field.'” UV/VUV photons can also influence the
most essential electric characteristics of low-k dielectrics, such
as permittivity,"*) trapped charges,'* leakage currents,>%
and the breakdown behavior!"”! without visible chemical or
structural changes in OSG. These and other UV radiation—
related phenomena were described and discussed in many origi-
nal publications, which have been systemized and analyzed in
detail in a recently published review article."® Finally, to sum-
marize available experimental data, different leakage current
enhancement mechanisms can be considered. The task of
analyzing the mechanism becomes even more complicated when
using UV curing, as well as in the presence of different carbon
groups in the dielectric.

To identify the ways of improving the electrophysical proper-
ties of low-k dielectrics, it is important to know the charge cur-
rent mechanism and trap nature responsible for their leakage
current. The charge transport mechanism in PECVD low-k
dielectrics with terminal methyl groups was studied previ-
ously.>**-22 However, the consideration of this issue, in most
cases, is limited to the use of the Frenkel mechanism, but more
accurate and complex models, such as phonon-assisted tunnel-
ing between neutral traps and multiphonon ionization of neutral
traps, are not considered. In fact, the Frenkel mechanism can
describe the charge transport of many dielectrics only formally,
with greatly underestimated pre-exponential frequency factor
values.

In this work, OSG (SiCOH) low-k films containing only
terminal methyl groups are investigated. Unlike previous publi-
cations on charge transfer mechanisms, only thermally cured (no
UV radiation) films are investigated. This reduces the
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uncertainties related to UV photon effects, especially associated
with the formation of conductive porogen residues. Thus, we
analyze the most important factors responsible for the charge
transport in methyl-terminated OSG low-k films.

2. Experimental Section

The film-forming solutions were prepared by mixing tetraethyl
orthosilicate (TEOS; Si(C,Hs0)4; 99.999%, Sigma-Aldrich) and
methyltriethoxysilane (MTEOS; CH3Si(C,HsO)s; 99%, Sigma-
Aldrich), 2-propanol, Honeywell semiconductor grade VLSI) in
the presence of catalyst HCI (37%, Sigma-Aldrich) in the ratio
[Si(C,H50)4 + CH;Si(C,Hs0)3]/H,0/HCl = 1/4/0.002 to pro-
vide proper hydrolysis conditions.””* The mixture was warmed
up at 60°C for 3h under constant stirring. The curing time
was optimized to reduce the amount of remaining carbon
residues that could be formed during the template destruction,
but the concentration of Si—CHj groups was kept sufficient to
avoid the formation of SiOH groups and further moisture
adsorption.

The films were spin-on deposited on phosphorus-doped Si
(100) wafers with resistivity 50 ohm cm at the rotation speed
2500 rpm with the use of a WS-650-8NPP (Laurell). To create
a porous structure, the EISA process was used.™ In this process,
the surfactant was added to the solution and the organic meso-
phase precipitated in silica matrix issued during the spin-on
deposition. The nonionic surfactant BrijL4 (polyethylene
glycol dodecyl ether C;,H,5(OCH,0OCH,),OH, molar mass
362 gmol ', Sigma-Aldrich) was used as a self-assembled agent.
Its concentration was BrijL4/(TEOS + MTEOS + BrijL4)
=17.5wt%. The deposited films were immediately cured by a
hot plate at Ta=200°C, 10 min (soft bake), and annealed in
air at Ta =430 °C, 30 min (hard bake). According to the measure-
ments conducted by ellipsometric porosimetry, the open porosity
of the fully cured films was close to 40%. The terminal groups
were preferentially located on the pore wall.**

The condensation of hydroxyl groups causes the formation of
a Si—O network, whereas terminal methyl groups do not
undergo hydrolysis and do not participate in the condensation
process. As a result, the Si—O network with methyl terminal
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groups is formed. The Si/CHj3 ratio of in the films was ~0.6.
This composition was chosen to provide a compromise between
the dielectric constant and Young’s modulus.””) The 203 nm thick
films with refractive index 1.246 (£0.004) and a full porosity of
~43% were used for electric measurements.

The metal-dielectric-semiconductor structure fabrication
included the deposition of a continuous Al contact on the back
side of the Si substrate, and a 5 x 107 cm?® magnesium contact
was sputtered on top of the low-x film using a shadow mask.
To remove the adsorbed impurities, the samples were annealed
for 30 min at 300 °C in an Ar atmosphere before the metal con-
tact deposition. The current-voltage (I-V) characteristics at
different temperatures were measured at a negative potential
on the metal using the Keithley 2400 equipment. The voltage rise
rate, when measuring the [-V characteristics, was 0.9 Vs™'. [-V
characteristics were investigated at the applied field below
2 MV cm ™ because at a higher value, the stress-induced leakage
current (SILC) effect occurs.

The electron energy loss spectra (EELS) were obtained by
using the Riber LAS-2000 spectrometer. The incident electron
beam energy was 200 eV. The amplitude of the modulation sig-
nal for the synchronous detector was 0.3 V.

The photoluminescence (PL) spectra and PL excitation (PLE)
spectra under UV-VUV excitation were measured in the
Institute of Physics, University of Tartu, using a 150 W deute-
rium discharge lamp Hamamatsu L1835 and a McPherson
234/302 monochromator. The grating monochromator Andor
SR 303i-B equipped with a H8259-01 photon counting head
was used to select the emission. Various color glass filters,
provided by SHCOTT and UQG Optics, were used to suppress
the effects of second orders of excitation or emission and stray
light. The samples were mounted in a closed cycle helium cryo-
stat provided by ARS (Advanced Research System, Inc) designed
for low-temperature measurements (5K). The measurements
were fully controlled by using a LabView-based software. All PL
spectra were corrected for the spectral sensitivity of the detection
systems. The PLE spectrum was corrected for the wavelength-
dependent photon flux variation using sodium salicylate.

The ab initio simulation of electronic structure was conducted
within density functional theory (DFT) in the 3D periodic
supercell model with the plane wave basis and optimized norm-
conserving Vanderbilt pseudopotential in the Quantum
ESPRESSO package.*”! The hybrid exchange-correlation func-
tional PBEO was used. The low-k SiCOH model structure was
obtained as follows. First, a Si;;O,4 supercell of p-cristobalite
(as it closest to amorphous structure) was obtained. Second,
the two adjacent tetrahedra SiO, were removed from that super-
cell. Third, six methyl groups (CHj) were added to the pore.
Fourth, full structural relaxation was made. Thus, 64 structures
with different initial positions and orientations of CH; were
calculated, and a structure with the minimal total energy was
selected. The obtained structure is shown in Figure 2. This
model structure is remarkable for its simplicity (51 atoms in a
cell only). It has the Si/CHj ratio 0.6 for studied films and it con-
tains all the essential structural units. The validity of this struc-
ture was confirmed by reasonable calculated mass density
(1.75 gcm ) and relatively low dielectric permittivity (3.5) and
bandgap (7.0eV) values. The electronic structure of oxygen
vacancy and divacancy was simulated for the 102-atom supercell
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Figure 2. SiCOH methyl-terminated low-k model structure used for
ab initio simulation.

that was created by the 1 x 2 x 1 translation of a 51-atom cell.
All nonequivalent defect positions were considered.

3. Results and Discussion

First of all, we investigated the current-voltage characteristics,
measured at different temperatures, of the studied low-k dielec-
tric (Figure 3). The [-V characteristics were analyzed in the
frame of the Frenkel mechanism®® that is commonly used to
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Figure 3. |-V characteristics of low-k dielectric: experiment—characters,
simulation within a) Frenkel model and b) the Nasyrov—Gritsenko
model—dashed lines. The fitting parameters of the models are inserted
in the figures.
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describe the dielectric conductivity, and by the Nasyrov—
Gritsenko (N-G) model®*®! of the phonon-assisted tunneling
between neutral traps, which is a more complex and flexible
model. For completeness, the Hill-Adachi (H-A) model®®*>"!
of overlapping Coulomb traps and the Makram-Ebeid and
Lannoo (ME-L) model®! of isolated trap ionization were also
analyzed.

The Frenkel conduction mechanism consists of thermal ioni-
zation of an isolated Coulomb trap in an electric field that
reduces the energy barrier.” It is described by the equation

W—/}F\/l_?)

J =eN?*3P, P:vexp(— o

&3 1/2
ﬂF = ( ) , UV = W/h
TEEY

In the N-G model, the charge transport involves the trapped
electron excitation due to the phonon absorption and its subse-
quent tunneling to a neighboring neutral trap without excitation
to the conduction band (inset in Figure 3b).?”?®! The electron
tunnels to a neighboring trap due to the large overlap integral.
The trap ionization probability P in the N-G model is given
by expression (2)

1)

P=

2\/Th W, exp (7 Wop: — Wt)
m*s2 2T (W o — W) kT

‘e 2sy/2m* W, sinh eFs
*P h 2T

In formulas (1) and (2), J is the current density, e is the elec-
tron charge, N=s"" is the trap concentration, s is the average
distance between traps, v = W/h is the attempt to escape factor,
W is the trap ionization energy, W, is the thermal trap energy,
Wopt is the optical trap energy, F is the electric field, k is the
Boltzmann constant, T is temperature, ¢, is the high-frequency
dielectric permittivity, ¢, is the dielectric constant, and m* is the
electron effective mass.

As one can see, the Frenkel mechanism can formally describe
the experimental I-V characteristic of the studied low-k dielectric
at the reasonable value W=0.8eV, but at abnormally small
N;=10*cm™ and high e,, = 6 values. Therefore, one can say
that the Frenkel emission does not describe the charge transport
mechanism in the low-x dielectric with methyl-terminated
groups. The same conclusion can be drawn on the description
of the experimental I-V characteristic by the H-A and ME-L
models. The H-A model gives an abnormally low attempt to
escape factor v = 10*s™" value, whereas the ME-L model gives
a too high (for the applicability of this model) trap concentration
N,=10*" cm™> value. The Schottky injection model was also
excluded because it is a type of Frenkel model but with a four
times smaller ¢, value. The N-G model qualitatively describes
the [-V characteristic of the low-k dielectric at reasonable fitting
parameter values: W, =1.2eV, W, = 2.4 eV, m* = 0.95m,, and
N;=9.4 x 10" cm™>. The average distance between traps
corresponding to the found trap concentration value is
N7 = 2.2 nm. Thus, the charge transport through the studied
SiCOH low-k occurs via the phonon-assisted electron tunneling
between the neutral traps.

(2)
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It is worth noting that the charge transport mechanisms in
methyl-terminated low-k dielectrics were previously described
by the Schottky emission, the Poole—Frenkel emission, and space
charge limited current model.”**? However, those results were
obtained within the simulation of current-voltage characteristics
at one (room) temperature. In this case, the trap ionization
energy is not specific. In addition, the Poole-Frenkel model anal-
ysis was conducted without evaluating the pre-exponential
attempt to the escape factor value. In turn, the physically relevant
value of this parameter is one of the criteria for the applicability
of this model.

The obtained trap energy value can be compared with the
known trap energy values for SiO,. In SiO,, oxygen vacancies
(Si—Si bonds) and divacancies (Si—Si—Si bonds) act as electron
and hole traps. It is reliably established that the oxygen vacancies
in SiO, are the traps with energy 1.6 eV.** A trap with an energy
of ~1.2eV in SiO, is most likely an oxygen divacancy, as it
follows from the analysis of oxygen vacancy-related defect center
annealing kinetics and thermally stimulated current.?*3*! Thus,
we can assume that the trap energy value 1.2 eV in the studied
SiCOH low dielectric is due to Si—Si—Si oxygen divacancies. This
conclusion is consistent with the reported data on the presence of
oxygen vacancies in SiCOH low-k dielectrics, which are created
during the UV curing process."®

The silicon atom on the studied films has the tetrahedral coor-
dination, including bridging oxygen atoms and terminal methyl
CH; groups (Figure 1b). The film fabrication included the
codeposition of the matrix materials and sacrificial porogen.
The soft anneal at 150—200 °C leads to the nanophase separation
forming agglomerated porogen and the first step of matrix
crosslinking. The porous structure is formed during the
porogen removal and short-ranged structural rearrangement
in the matrix at 400-450°C (hard bake). The short-ranged
structural rearrangement occurring during the hard bake
includes the condensation reaction of remaining silanol groups
(Si—OH + HO—Sia Si—0—Si+ H,0) and the segregation of
methyl groups to the pore wall surface,*®! and this process
can leave a certain amount of Si dangling bonds (oxygen vacan-
cies) inside the matrix. The recombination of these bonds can
form Si—Si vacancies and Si—Si—Si oxygen divacancies that
may influence the charge transport. The mechanisms of oxygen
vacancy aggregation in SiO, were studied extensively and they
have been reviewed recently in Gao et al.P®. It is shown that
a neutral vacancy diffusion barrier is about 4.6 eV*”) and, there-
fore, the clustering of randomly distributed neutral vacancies via
diffusion is difficult. However, in the case of OSG low-k films,
the vacancies’ clustering may proceed when the low-k matrix is
still not completely “frozen” and the matrix components have a
possibility of relatively easy diffusion.[*®!

This assumption is indirectly confirmed by our DFT calcula-
tions of the simple model low-k dielectric structure, according to
which the neutral oxygen divacancy formation energy is close to
that for pairs of distanced vacancies, whereas for SiO, the oxygen
divacancy formation energy is noticeably higher. The minimum
neutral oxygen vacancy formation energy, calculated by the stan-
dard method in the oxygen-rich limit,*” is 5.49 eV.

The second derivative of the inelastic scattered electrons with
the energy of 205 eV (EELS) for the studied films shows a signifi-
cant peak at 6.8eV with a shoulder at 7.6eV (Figure 4).
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Figure 4. EELS of the studied low-k dielectric film.

The excitation at the energy of 7.6 eV is, probably, related to the
presence of oxygen vacancies (or Si—Si bonds), as it is true for
$i0,.4°* The peak at 6.8V could be referred to the oxygen
divacancies (or Si—Si—Si bonds) as in Si0,.[*2*3] The observed
peaks at the energy range of 2.7-4.9 eV are explained by the elec-
tronic transitions onto other oxygen-deficient-type defects, silicon
vacancies, or their combination with the organics.[****! Thus, the
features in the spectrum indicate the presence of oxygen vacan-
cies and divacancies in the studied SiCOH low-k films.

The low-temperature PL spectra for the selective excitation by
photons of different energies in the UV-VUYV ranges are shown
in Figure 5a. The intensive blue PL band with the maximum of
2.7 eV and a shoulder with an energy of ~3.6eV are observed.
Thus, various electron-hole recombination centers are present
in the material. The 2.7 eV emission is caused by the oxygen-
deficient-type defects (presumably, a triplet-to-singlet transition
on the oxygen vacancy) in the films, as it is explained for amor-
phous Si0,.[41:42:46.47]

In the PLE spectrum of the 2.7 eV band, one can see three
peaks with the maxima at the energy values of 5.2, 6.1, and
6.9eV (Figure 5b). The peak at the energy of 5.2V could be
caused by the presence of oxygen-deficient centers: namely, oxy-
gen vacancies and divacancies. This interpretation is based on
the explanation of the peak at energy values 5.0-5.17 €V in the
PLE spectra for the 2.7 eV PL band*”*®) and the optical absorp-
tion spectral*®***! for amorphous SiO,. The peak 6.9 eV in the
PLE for the studied OSG low-k dielectric can be also explained as
oxygen-deficient centers: namely, oxygen divacancy as it is inter-
preted for the absorption peak near 6.8eV for SiO,.[*>*%¢)
Continuing the analogy with silicon oxide, one can assume that
the observed peak at 6.1 eV also could be caused by oxygen vacan-
cies: namely, the E’ center (vacancy with a trapped hole) on the
surface.*”)

The projected density of states (PDOS) spectra calculated
within the DFT for the model low-k structure for atoms forming
Si—Si and Si—Si—Si defects exhibit a filled defect level near the
valance band top and an empty one near the conduction band
bottom (Figure 6). The energies of possible optical transitions
between these levels are 7.5 and 6.1eV for Si—Si and
Si—Si—Si defects, respectively. Peaks with these energies are
clearly visible in the corresponding optical absorption spectra.
The energy of the absorption peak for the oxygen vacancy is close
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Figure 5. Low-temperature PL spectra measured at the excitation by
quantum energy a) 5.1, 6.1, and 7.7eV and b) PLE spectra of the
2.7 eV emission band for OSG low-k films.

to the known optical excitation energy of the Si—Si defect in
$i0,.1407*21 At the same time, the calculated optical absorption
peak of 6.1 eV for the oxygen divacancy in the model low-k dielec-
tric structure coincides with the maximum of the blue PL excita-
tion spectrum. Thus, the observed 6.1 eV PLE peaks, as well as
the blue PL band, could be caused by oxygen divacancies, but not
oxygen vacancies. Note that Figure 6 shows the spectra for
defects with the lowest formation energy, while consideration
of all possible positions of defects in the supercell gives a scatter
of possible values of optical transition energy +0.3 eV.

The local density of state spatial distribution at the filled defect
levels near the valence band top for our simple model low-k
structure confirms that the oxygen vacancy and divacancy in
the simulated structure form Si—Si and Si—Si—Si bonds, as is
the case in SiO, (Figure 6). The calculated Si—Si bond lengths
are 2.349 A for the monovacancy and 2.366 and 2.372 A for
the divacancy. It shows the similarity of the oxygen vacancy
and divacancy electronic structure in the SiCOH low-k dielectric
and SiO,. In turn, this indirectly justifies the possibility of ana-
lyzing the experimental data for a low-k dielectric with the known
data for SiO,.

There is a rule of thumb that the thermal trap energy in a
dielectric coincides with half the Stokes shift of luminescence.
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Figure 6. Calculated PDOS (bandgap region) of the Si atoms that formed
the a) Si-Si defect and b) Si-Si-Si defect: Si 3s, red, and Si 3p, blue. E, is
the valence band top. The inserts show the corresponding optical absorp-
tion spectra and fragments of structures with the distribution of local den-
sity of states on filled defects levels (shown in yellow).

This rule holds for many dielectrics, such as Si3Ny, Al,03, HfO,,
Zr0,, and Ta,05. Guided by this rule, it is easy to
estimate the thermal trap energy value of the defect for a studied
low-k dielectric based on the Stokes shift of the blue PL. When
considering the peak with the energy of 5.2 eV in the PLE spec-
trum, this estimate will give the W, value (5.2 — 2.7)/2=1.25¢V,
which is close to W, =1.2€eV found from the analysis of [-V
characteristics. As discussed previously, the most likely trap with
this energy is an oxygen divacancy. For the second peak in the
PLE spectrum, the W, estimation gives the value (6.1 —2.7)/
2=1.7 eV. This value is close to the thermal ionization energy
1.6 eV of the oxygen vacancy in $Si0,.**! It is interesting to note
that if we take the luminescence with the energy of 3.6 eV for a
given PLE peak, we also get (6.1 — 3.6)/2=1.25¢€V for the W,
estimation.

Thus, the thermal trap energy values obtained from the
Stokes shift of luminescence indirectly confirms the presence
of oxygen vacancies and divacancies in the studied low-k films.
In addition, the agreement of the thermal energy values obtained
from the analysis of luminescence spectroscopy data and the
I-V characteristics confirms the correctness of the N-G model
for describing the charge transport mechanism in the studied
films.
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4, Conclusion

In conclusion, the charge transport mechanism and trap nature
in simplified OSG (SiCOH) low-k films that contain only termi-
nal methyl groups and are not modified by UV light were inves-
tigated. The [-V characteristics of the studied low-x dielectric
films at different temperatures were analyzed using the
Frenkel model of thermal ionization of an isolated Coulomb trap
in an electric field, the Hill-Adachi model of overlapping
Coulomb traps, the Makram-Ebeid and Lannoo model of isolated
trap ionization, and the Nasyrov—Gritsenko model of phonon-
assisted electron tunneling between neutral traps. The Frenkel
model, H-A model, and MA-L model describe the charge trans-
port only when explicitly incorrect fitting parameters are used.
Thus, a good agreement with the experiment is provided by
the N-G model with the following parameters: thermal trap
energy W, = 1.2 eV, optical energy W, = 2.4 eV, effective mass
m* = 0.95m,, and trap concentration N=19.4 x 10*® cm™>. The
EELS, as well as PL and PLE spectra, show the presence of oxygen
vacancy (Si—Si bond) and divacancy (Si—Si—Si bonds) when we
make an analogy with silicon oxide. The electronic structure of
oxygen vacancy and divacancy in the simple model low-x SiCOH
structure was simulated with DFT. It was found that the oxygen
divacancy formation energy is close to that of a pair of distanced
vacancies. The calculated projected density of states spectra
predicts the possibility of optical transitions on the oxygen
divacancy, the energy of which corresponds to the maximum
of the excitation spectrum of the blue luminescence band.
The thermal trap energy estimation from the luminescence
Stokes shift gives a value close to that obtained from the I-V char-
acteristics simulation, ie., W;=1.2eV. Thus, the charge
transport through the methyl-terminated OSG low-k dielectric
film is described by the N-G phonon-assisted electron tunneling
between neutral traps, and traps are the oxygen divacancies with
trap energy 1.2 eV.
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