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Vacuum ultraviolet (VUV) photoemission spectroscopy is utilized to investigate the distribution of
trapped charges within the bandgap of low dielectric constant (low-k) organosilicate (SiCOH)
materials. It was found that trapped charges are continuously distributed within the bandgap of
porous SiCOH and the center of the trapped states is 1.3 eV above the valence band of the tested
sample. By comparing photoemission spectroscopic results before and after VUV exposure, VUV
irradiation with photon energies between 7.6 and 8.9 eV was found to deplete trapped charge while
UV exposure with photon energies less than 6.0eV induces more trapped charges in tested
samples. Current-Voltage (IV) characteristics results show that the reliability of dielectrics is
improved after VUV irradiation with photon energies between 7.6 and 8.9 eV, while UV exposure
results in an increased level of leakage current and a decreased breakdown voltage, both of which
are harmful to the reliability of the dielectric. This work shows that VUV irradiation holds the
potential to substitute for UV curing in microelectronic processing to improve the reliability of
low-k dielectrics by mitigating the leakage currents and trapped charges induced by UV irradiation.

©2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921271]

The next generation of integrated circuit (IC) fabrication
requires the utilization of low-k materials as inter-layer
dielectrics (ILDs) and etch-stop layers (ESLs).'™ One of the
significant concerns about this emerging insulating dielectric
material is its electrical reliability in MOS structures. The
reliability is directly linked to the presence and creation of
trapped charges,” especially after plasma processing.
Therefore, much work has been done in order to develop
metrologies to measure these defect-state concentrations.
Specifically, electron-spin resonance (ESR) spectroscopy has
been used to detect and identify defect-state concentrations
in dielectric films,%’ but the distribution of trapped charges
within the band gap of low-k dielectrics cannot be detected
with ESR measurements® and is still an open question.

In this letter, vacuum-ultraviolet (VUV) photoemission
spectra are utilized to solve this problem. It was found that
7.6-8.9eV vacuum-ultraviolet irradiation depletes trapped
charges while ultraviolet exposure with lower photon ener-
gies causes an increased level of trapped charges in SICOH
which contributes to the degradation of the dielectrics.>®
This indicates that VUV irradiation could overcome some of
the disadvantages of ultraviolet curing by depleting trapped
charges within dielectrics and holds the potential to be the
next generation curing light source for low-k thin film
deposition.

VUV irradiation of dielectrics often results in electron-
hole pair generation, photoconduction, photoemission, and
photoinjection of electrons from the substrate into the dielec-
tric.”'® These processes depend on the incident photon
energy and the dielectric thickness. Electron-hole pairs will
be formed if electrons are excited into the conduction band
from the valence band or from bandgap defect states within
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the dielectric.'""'? Depending on their energy, the electrons
and holes can travel in the dielectric with a number of them
being photoemitted. Electrons dominate photoconduction,
photoemission, and photoinjection, since the mobility of
electrons is larger than the mobility of holes.” When the
energy supplied by irradiation is greater than the sum of the
band-gap energy and the electron affinity, photoemission can
occur from the dielectrics.'*'? By measuring the VUV pho-
toemission spectra, peaks in the measured photoemission
currents at various photon energies can be detected. By com-
paring the photon energy at which the electrons are excited
with the measured bandgap of the tested samples reported in
the previous work,'* the presence of electron traps and their
energy distribution can be found.

The samples used for this work, 150 nm-thick porous
SiCOH/Si wafers (k=3.05), were fabricated in a plasma-
enhanced chemical-vapor-deposited (PECVD) reactor.
These samples were rapidly scanned with monochromatic
VUYV synchrotron radiation. The advantage of a synchrotron
is that it generates radiation with no charged particles and
can be varied over a continuum of photon energies.'> In this
work, the photon energy range was chosen to be 4.5-8.9¢eV.
This range was chosen because (1) 4.5eV is the lowest
photon energy that could be selected from the stainless
Seya-monochromator utilized in the synchrotron beamline
and (2) 8.9eV is the threshold energy for photoemission of
electrons from the valance band of dielectrics into vacuum.'*
Higher photon energies were not selected since they could
also generate large charge accumulation and affect the
reliability of SiCOH films."? In addition, based on the rela-
tion between the wavelength of the VUV photons and their
penetration depth in low-k dielectrics,'® those photons with

© 2015 AIP Publishing LLC
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energies from 4.5 to 8.9eV can easily penetrate through the
dielectric layer. Finally, the normalized photoemission cur-
rents induced by different photon energies in these ranges
are comparable.

For VUV photoemission spectroscopy, the exit slit of
the synchrotron-beam monochromator was set to 40 um to
minimize the photon flux so that modification of the dielec-
tric by VUV photons was minimized. The VUV photons
were normally incident on the surface of the SiCOH sample
at a pressure of 10~ Torr and the VUV beam on the surface
of the wafer had a cross-sectional area of 3 x 0.1 cm?.

Figure 1 shows a comparison between the VUV photo-
emission spectroscopic measurements of a pristine SICOH
dielectric film and the dark current measured without photon
irradiation. The photoemission current was normalized by
dividing the measured photoemission current by the incom-
ing VUV photon flux. It was found that the photoemission
current is at least three orders of magnitude higher than the
dark current. The photoemission current is still present for
photon energies much less than the bandgap of the tested
SiCOH sample. This shows that the trapped charges must be
distributed within the bandgap of the dielectric. The higher
the normalized photoemission current means the higher the
level of trapped charges within the bandgap of the pristine
SiCOH samples. The highest peak was observed in the VUV
photoemission spectrum at an energy of 7.6eV. Since 7.6eV
is lower than the band gap of the tested sample,14 electrons
in the valence band of SiCOH could not absorb enough
energy from these photons to be emitted into the vacuum.
Therefore, this implies that there must be a defect center
within the band gap of SiCOH from which level the electrons
could be emitted into vacuum condition after absorbing
7.6eV from the irradiated photons. Since the threshold
energy for electrons in the test samples to be emitted from
the valance band of dielectrics into vacuum is 8.9eV,'* it is
plausible that the trap center is located 1.3 eV above the va-
lence band of SiCOH. In addition, it can be concluded that
VUV irradiation with photon energies between 7.6 and
8.9eV can efficiently reduce the trapped charges within the
dielectrics by photoemission. That is, the trapped charges
within the bandgap of SiCOH can absorb energy from the
VUV photons and be photoemitted. It must be mentioned
although the density of trapped charges is relatively

small,>”® that post treatment (e.g., UV exposure'*'? and
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FIG. 1. Comparison of VUV photoemission spectroscopic measurements on
150 nm SiCOH and normalized dark current.
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hydrogen annealing'”"'®) might still be needed to make sure
that there is no significant net charge generated due to photo-
emission.'> As a result, the trapped charges within the
bandgap of the dielectric are reduced, the defect states are
passivated and electrical activity is mitigated'® since trapped
charges are shifted out of the band-gap of the low-k
dielectric.”®

To prove this hypothesis, monochromatic photons
between 7.6 and 8.9eV were exposed on the samples. The
exit slit width of the synchrotron monochromator was now
set to 500 um to maximize the photon flux. The accumulated
photon fluence for VUV exposure was set to be 1.3 x 10'*
photons/cm2 by using a photodiode (AXUV100). This is
comparable to the VUV photon fluence emitted during a typ-
ical plasma process.®'*?! Photon energies were specifically
selected to mimic those emitted by processing plasmas.22
Specifically, photons of 8.4eV energy (147.6nm wave-
length) were used to mimic the strong emission lines gener-
ated from a Xe plasma23 which is a typical inert feed gas
utilized in thin-film deposition.

Figure 2 shows a comparison of VUV photoemission
spectroscopic measurements for a SiCOH dielectric film
before and after irradiation with 8.4eV photons. It can be
seen that the normalized photoemission current decreases
drastically after the 8.4eV VUV irradiation. This indicates
that the level of trapped charges has been reduced signifi-
cantly. It must be mentioned that VUV photoemission spec-
troscopy spectra are not shown for VUV exposures other
than 8.4eV over the desired energy range (7.6-8.9¢eV)
because these results are similar to those shown in Figure 2.

To further understand and investigate the effect of VUV
irradiation on reliabilities of low-k dielectrics, Figure 3
shows the IV characteristics for both pristine and 8.4eV
VUV-exposed SiCOH samples. To measure the characteris-
tics, a 300-nm titanium metal layer was uniformly deposited
on the surface of the dielectric to form a Metal-Oxide-
Silicon (MOS) structure. The dimensions of all test struc-
tures were the same since the changes in the metal contact
area could affect the breakdown voltage and IV measure-
ments. >+ Hexagonal patterned masks were used to define
the metal contact area of the tested structures. The area of
each hexagon is 2.8 x 10~* cm?. For current-voltage (I-V)
measurements, a computer-controlled combination high-
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FIG. 2. VUV photoemission spectroscopic measurements on 150 nm SiCOH
before and after 8.4eV VUV irradiation with 1.3 x 10" photons/cm®
fluence.
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FIG. 3. Comparison of I-V characteristics of 150nm SiCOH test samples
before and after 8.4eV VUV irradiation with 1.3 x 10" photons/cm?
fluence.

voltage supply and a Keithley 6487 picoammeter was used.
Labview was used to automate the data collection.®

Figure 3 shows the comparison of the I-V characteristics
before and after 8.4 eV exposure on the samples. For each IV
curve, seven test structures were measured and averaged to
help ensure that the results are repeatable and convincing.
The most significant result from this data is that the 8.4eV
VUV exposure appears to reduce the magnitude of the leak-
age currents measured in the pristine films. In addition, the
slope of the current as a function of voltage decreases after
VUV exposure. Finally, 8.4-eV VUV exposure results in an
increase in the breakdown voltage (Vy,q) of the SICOH sam-
ples: for the pristine sample, the breakdown voltage is
67.2 = 0.8V and after 8.4eV VUV exposure, the breakdown
voltage is 74.3 = 1.0 V, which shows a good improvement in
this quantity for low-k dielectrics. Therefore, it is plausible
that trapped charges within the dielectric produces leakage
currents and the resulting photoemitted trapped electrons
under VUV irradiation contribute to the improvement of the
electrical properties and reliability of low-k thin films.

Furthermore, the current density versus electric field
curves shown in Figure 3 indicates multiple conduction
mechanisms dominating at different electric field regimes.
The dominant conduction mechanisms for the organosilicate
analyzed in this work are Schottky emission,27 Poole-
Frenkel emission,28 and Fowler-Nordheim tunneling.29 Here,
the IV curves can be divided into four regions that corre-
spond to different conduction mechanisms.”® For the I-V
curve of the pristine sample, the first region corresponding to
very low electric fields from O to approximately 0.5 MV/cm,
exhibits irregular behavior and does not appear to fit any
plausible conduction model.?® This behavior can be attrib-
uted to electrical and ambient noise since the measured cur-
rent under extremely low bias is comparable to the noise
level.?® This result was also observed by Yiang er al.** and
Nichols er al.** and explained in their work. The regions
from 0.5 MV/cm to 1.5 MV/cm and from 1.5 MV/cm to 2.35
MV/cm fit well with the Schottky and Poole-Frenkel emis-
sion models respectively. Clear linear regions are seen for
In(J) ~ E'/? and In(J/E) ~ E'/> where J stands for current
density (A/em?) and E is the measured electric field (MV/
cm).26’30 Therefore, Schottky and Poole-Frenkel emission
are indeed the dominating conduction mechanisms in these

Appl. Phys. Lett. 106, 192905 (2015)

regions.zf’ From 2.35 MV/cm toward the dielectric break-
down regime, another mechanism, Fower-Nordheim tunnel-
ing, occurs. The linear relation between In (J/E?) and E 'in
this region indicates Fower-Nordheim tunneling is the domi-
nant conduction mechanism from 2.35 MV/cm to
breakdown.*>2°

The I-V curve for the 8.4eV VUV-exposed sample is
also shown in Figure 3. The first region which is produced
by electrical and/or ambient noise is similar to the I-V curve
for the pristine sample (0-0.5 MV/cm), while Schottky emis-
sion dominates an extended region from 0.5 to about 1.73
MV/cm.?*2® A similar result is found for the third and fourth
regions.?®>° Poole-Frenkel emission is the dominating con-
duction mechanism from 1.73 to 3.7 MV/cm and the region
between 3.7 MV/cm toward breakdown is dominated by
Fower-Nordheim tunneling.”*?® Thus, VUV exposure has
changed the boundaries of the conduction mechanism
regimes and, importantly, increased the breakdown electric
field.”

It was found in previous work® that UV exposure and
UV curing with photon energies less than 6.0eV can induce
higher leakage currents and a lower breakdown voltage of
these dielectric films. It is thus important to differentiate
between the effects of VUV and UV photon irradiation.
Figure 4 shows a comparison of photoemission spectroscopic
measurements for pristine 8.4eV-VUV exposed and 4.9eV
UV-exposed SiCOH samples. In contrast to the measured
photoemission spectra after VUV irradiation, after 4.9eV
irradiation with a photon dose of 1.3 x 10'* photons/cm?,
the VUV photoemission spectrum of pristine SiCOH
increased over the band of photon energies between 4.5 and
8.9 eV. Two main effects contributed to these results.

First, since the penetration depth of 253 nm photons is
much larger than the thickness of the tested low-k dielectrics
(150 nm),"* photons that are not absorbed in SiCOH can pen-
etrate through the dielectric layer and directly impinge on
the Si substrate. These photons can then be absorbed in the
Si substrate and can create electron-hole pairs. Since the Si-
SiCOH interface barrier is around 4.2 eV,'' some of the elec-
trons can overcome the Si-SiCOH interface barrier and are
injected into the dielectric layer. If these electrons do not
have enough energy to overcome the band-gap of the dielec-
tric layer and be emitted into vacuum, they could be trapped
in defect centers within the bandgap of the dielectric and
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FIG. 4. Comparison of VUV photoemission spectroscopic measurements of
pristine SiCOH samples and samples after 8.4 and 4.9 eV photon irradiation.
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contribute to the increased level of trapped charges after UV
irradiation.

Second, trapped charges within the bandgap of dielec-
trics cannot be efficiently photoemitted by photons in the
UV range. For example, from VUV photoemission spectro-
scopic results, it was found that trapped electrons require
photon energies equal to or larger than 7.6eV to be emitted.
Therefore, the UV light used (4.9 eV) does not provide suffi-
cient energy to deplete the trapped charges. In Figure 4, this
result can be easily observed from the photoemission spec-
tra: after 4.9eV irradiation, the normalized photoemission
current does not decrease which indicates that trapped
charges were not removed.

Both of these reasons lead to the conclusion that trapped
charges within the SiCOH sample increased after UV expo-
sure. In addition, the leakage current increased and the
breakdown voltage decreased. This result shows that the
optimal photon energy for low-k dielectric curing lies in the
VUYV range of the spectrum rather than the UV range. Thus,
the disadvantage of UV curing that result in more trapped
charges and increased leakage currents could be minimized
by VUV exposure/curing under carefully selected
conditions.

In summary, VUV spectroscopy was utilized to detect
the distribution of trapped charges within the band gap of
dielectrics. For our test samples, the trapped centers were
found to be about 1.3 eV above the valence band of SiCOH.
Moreover, VUV irradiation with photon energies between
7.6eV and 8.9eV was found to deplete the trapped charges
in SiCOH films. The dielectric reliability of SiCOH was
improved showing both an observed increased breakdown
voltage and a decreased leakage current. This shows that
VUV exposure holds the potential to cure low-k thin films
after deposition and overcome the “trapped charge and
leakage-current generation” drawback induced by UV
curing.

This work was supported by the National Science
Foundation under Grant CBET-1066231 and the
Semiconductor Research Corporation under Contract No.
2012-KJ-2359. We also thank M. Severson for helping set
up the VUV exposures.

K. Maex, M. R. Baklanov, D. Shamiryan, F. Iacopi, S. H. Brongersma,
and Z. S. Yanovitskaya, “Low dielectric constant materials for micro-
electronics,” J. Appl. Phys. 93, 8793 (2003).

>w. Volksen, R. D. Miller, and G. Dubois, “Low dielectric constant materi-
als,” Chem. Rev. 110, 56 (2010).

3T. AL Pomorski, B. C. Bittel, P. M. Lenahan, E. Mays, C. Ege, J. Bielefeld,
D. Michalak, and S. W. King, “Defect structure and electronic properties
of SiOC:H films used for back end of line dielectrics,” J. Appl. Phys. 115,
234508 (2014).

4S. W. King, B. French, and E. Mays, “Detection of defect states in low-k
dielectrics using reflection electron energy loss spectroscopy,” J. Appl.
Phys. 113, 044109 (2013).

51 M. Atkin, E. Cartier, T. M. Shaw, R. B. Laibowitz, and T. F. Heinz,
“Charge trapping at the low-k dielectric-silicon interface probed by the
conductance and capacitance techniques,” Appl. Phys. Lett. 93, 122902
(2008).

Appl. Phys. Lett. 106, 192905 (2015)

°B. C. Bittel, P. M. Lenahan, and S. W. King, “Ultraviolet radiation effects
on paramagnetic defects in low-k dielectrics for ultra large scale integrated
circuit interconnects,” Appl. Phys. Lett. 97, 063506 (2010).

"H. Ren, M. T. Nichols, G. Jiang, G. A. Antonelli, Y. Nishi, and J. L.
Shohet, “Defects in low-k organosilicate glass and their response to proc-
essing as measured with electron-spin resonance,” Appl. Phys. Lett. 98,
102903 (2011).

8H. Ren, G. Jiang, G. A. Antonelli, Y. Nishi, and J. L. Shohet, “The nature
of the defects generated from plasma exposure in pristine and ultraviolet-
cured low-k organosilicate glass,” Appl. Phys. Lett. 98, 252902 (2011).

] L. Lauer, J. L. Shohet, C. Cismaru, R. W. Hansen, M. Y. Foo, and T. J.
Henn, “Photoemission and conduction currents in vacuum ultraviolet irra-
diation oxide,” J. Appl. Phys. 91, 1242 (2002).

19R. J. Powell, “Hole photocurrents and electron tunnel injection induced by
trapped holes in SiO, films,” J. Appl. Phys. 46, 4557 (1975).

3. M. Atkin, D. Song, T. M. Shaw, E. Cartier, R. B. Laibowitz, and T. F.
Heinz, “Photocurrent spectroscopy of low-k dielectric materials: Barrier
heights and trap densities,” J. Appl. Phys. 103, 094104 (2008).

25 L. Lauer, H. Sinha, M. T . Nichols, G. A. Antonelli, Y. Nishi, and J. L.
Shohet, “Charge trapping within UV and vacuum UV irradiated low-k po-
rous organosilicate dielectrics,” J. Electrochem. Soc. 157, G177 (2010).

"H. Sinha, G. A. Antonelli, G. Jiang, Y. Nishi, and J. Shohet, “Effects of
vacuum ultraviolet radiation on deposited and ultraviolet-cured low-k po-
rous organosilicate glass,” J. Vac. Sci. Technol. A 29, 030602 (2011).

H. Zheng, S. W. King, V. Ryan, Y. Nishi, and J. L. Shohet, “Bandgap
measurements of low-k porous organosilicate dielectrics using vacuum
ultraviolet irradiation,” Appl. Phys. Lett. 104, 062904 (2014).

5y, Zheng, E. T. Ryan, Y. Nishi, and J. L. Shohet, “Effect of vacuum-
ultraviolet irradiation on the dielectric constant of low-k organosilicate
dielectrics,” Appl. Phys. Lett. 105, 202902 (2014).

167 R. Woodworth, M. E. Riley, V. A. Amatucci, T. W. Hamilton, and B. P.
Aragon, “Absolute intensities of the vacuum ultraviolet spectra in oxide
etch plasma processing discharges,” J. Vac. Sci. Technol. A 19, 45 (2001).

7M. L. Reed and J. D. Plummer, “Chemistry of Si-SiO, interface trap
annealing,” J. Appl. Phys. 63, 5776 (1988).

8K, L. Brower, “Passivation of paramagnetic Si/SiO, interface states with
molecular hydrogen,” Appl. Phys. Lett. 53, 508 (1988).

"A. H. Edwards, “Interaction of H and H, with the silicon dangling orbital
at the (111) Si/SiO, interface,” Phys. Rev. B 44, 1832 (1991).

205, S. Brugler and P. G. A. Jespers, “Charge pumping in MOS device,”
IEEE Trans. Electron Devices 16, 297 (1969).

2'H. Sinha, H. Ren, A. Sehgal, G. A. Antonelli, Y. Nishi, and J. L. Shohet,
“Numerical simulation of vacuum-ultraviolet irradiation of dielectric
layers,” Appl. Phys. Lett. 96, 142903 (2010).

M. T. Nichols, K. Mavrakakis, Q. Lin, and J. L. Shohet, “The effects of
plasma exposure and vacuum ultraviolet irradiation on photopatternable
low-k dielectric materials,” J. Appl. Phys. 114, 104107 (2013).

3¢, Cismaru, “Charge and vacuum-ultraviolet radiation effects on plasma
processing induced damage of semiconductor devices,” Ph.D. dissertation
(University of Wisconsin-Madison, Madison, W1, 1999).

G. S. Haase, E. T. Ogawa, and J. W. McPherson, “Reliability analysis
method for low-k interconnect dielectrics breakdown in integrated
circuits,” J. Appl. Phys. 98, 034503 (2005).

M. T. Nichols, H. Sinha, C. A. Wiltbank, G. A. Antonelli, Y. Nishi, and J.
L. Shohet, “Time-dependent dielectric breakdown of plasma-exposed po-
rous organosilicate glass,” Appl. Phys. Lett. 100, 112905 (2012).

M. T. Nichols, “The effects of processing induced damage on electrical
conduction mechanisms and time-dependent dielectric breakdown of low-
k organosilicates,” Ph.D. dissertation (University of Wisconsin-Madison,
Madison, WI, 2013).

27E. Rhoderick and R. Williams, Metal-Semiconductor Contacts (Clarendon
Press, Oxford, 1988).

28], Yeargan and H. Taylor, “The Poole-Frenkel effect with compensation
present,” J. Appl. Phys. 39, 5600 (1968).

29R. Fowler and L. Nordheim, “Electron emission in intense electric fields,”
Proc. R. Soc. London, Ser. A 119, 173 (1928).

30K, Yiang, W. Yoo, Q. Guo, and A. Krishnamoorthy, “Investigation of
electrical conduction in carbon-doped silicon oxide using a voltage ramp
method,” Appl. Phys. Lett. 83, 524 (2003).


http://dx.doi.org/10.1063/1.1567460
http://dx.doi.org/10.1021/cr9002819
http://dx.doi.org/10.1063/1.4882023
http://dx.doi.org/10.1063/1.4788980
http://dx.doi.org/10.1063/1.4788980
http://dx.doi.org/10.1063/1.2990648
http://dx.doi.org/10.1063/1.3478235
http://dx.doi.org/10.1063/1.3562307
http://dx.doi.org/10.1063/1.3601922
http://dx.doi.org/10.1063/1.1428790
http://dx.doi.org/10.1063/1.321394
http://dx.doi.org/10.1063/1.2907958
http://dx.doi.org/10.1149/1.3435285
http://dx.doi.org/10.1116/1.3570818
http://dx.doi.org/10.1063/1.4865407
http://dx.doi.org/10.1063/1.4901742
http://dx.doi.org/10.1116/1.1335685
http://dx.doi.org/10.1063/1.340317
http://dx.doi.org/10.1063/1.100620
http://dx.doi.org/10.1103/PhysRevB.44.1832
http://dx.doi.org/10.1109/T-ED.1969.16744
http://dx.doi.org/10.1063/1.3386531
http://dx.doi.org/10.1063/1.4821065
http://dx.doi.org/10.1063/1.1999028
http://dx.doi.org/10.1063/1.3693526
http://dx.doi.org/10.1063/1.1656022
http://dx.doi.org/10.1098/rspa.1928.0091
http://dx.doi.org/10.1063/1.1592618

