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This letter explores the application of electron-beam curing on nanoporous silicate films. The
electrical conduction mechanism for the nanoporous silicate film cured by electron-beam radiation
has been studied with metal-insulator-semiconductor capacitors. Electrical analyses over a varying
temperature range from room temperature to 150 °C provide evidence for space-charge-limited
conduction in the electron-beam-cured thin film, while Schottky-emission-type leaky behavior is
seen in the counterpart typically cured by a thermal furnace. A physical model consistent with
electrical analyses is also proposed to deduce the origin of conduction behavior in the nanoporous
silicate thin film. ©2005 American Institute of PhysidDOI: 10.1063/1.1921329

During past decades, there has been a great deal of in- A nanoporous silicate, manufactured by Chemat Tech-
terest in electron-beafEB) technology application%‘,“such nology Inc., was used as an electron-sensitive dielectric ma-
as film deposition, material inspection, polymer modifica-terial through this study. Methyl silsesquioxafiMSSQ
tion, degradation of pollutants, and especially the field ofresin as the matrix material, which is low molecular weight
nanometer scale pattern generation driven by semiconductavith a large number of $OH), and S{OC,Hs), (x=1-4)
technology. Electron-beam lithography is currently one ofgroups, was formulated to 30 wt. % solids in a carrier sol-
promising approaches to achieve high-resolution patterningent of methylisobutylketone. Pdiyethylmethacrylate
with nanometer scal%‘?AdditionalIy, in recent years a lot of polymers(PMMA) with 20 wt. % loading, working as foam-
research and development activity has been expanded on they agents, were subsequently added in the MSSQ matrix
use of EB technology for the curing of advanced compositesnaterial to ultimately produce porous silicate. As most
and polymers for the aerospace and electric industries. PMMA polymers were compatible with MSSQ, a uniform
Curing includes the polymerization of monomers or oligo-precursor solution of the mixture was obtained immediately.
mers and cross-linking of polymers. The energy coming fromFor fabricating nanoporous silicate films, the precursor solu-
EB radiation is delivered directly to the molecules, thus thereion was first spin-coated onto 6-ip-type silicon wafers
is no need to heat the material in ovens, furnaces, or othagith (100 orientation, using two coating stages on a spin
tools, or to allow for osmosis of chemicals in the materialcoater. In the first stage, spin speed was set 500 rpm and the
being processed. The EB curing thereby offers several berspinning time was 5 s, beneficial for sequent sol spreading.
efits, involving easier material handling, ambient temperaThe second stagé3000 rpm/20 ¥ was a rinsing step de-
ture curing, less film stress by temperature differences, angigned to get rid of the edge bead of the precursor, which
cocuring of dissimilar materials. When performing EB cur- might induce cracks when drying. After spin deposition, as-
ing on dielectrics applied to integrated circtiC) industry,  spun wafers were followed by baking on a hot-plate at
electrical properties of processed dielectric materials will bejpo °C for 1 min to remove residual organic solvent in the
one of critical considerations.However, few documents as-spun nanoporous silicate film. EB blanket irradiating was
have focused on electrical conduction mechanisms of EBthen carried out to cure the postbaked silicate film coated on
processed materials’ In our previous worK the direct the 6 in. silicon wafer, by use of a Leica Weprint200 stepper.
patterning of silicate thin film has been developed by the us€he area irradiated by the EB was 182%and the thickness
of EB microlithography technology; nonetheless, the detailf the EB-cured nanoporous silicate film was 450 nm. The
of improved electrical characteristics have not been exploregg shape current was 4 A/émvith an accelerating energy
explicitly. This work will extend the electrical study on the o 40 keV, allowing a sufficient curing of the nanoporous
leakage behavior of EB-cured nanoporous silicate film by th&jjicate film from top to bottom. The exposure doses were
analysis of current-voltagd-V) curves dependent on tem- changed from 100 to 70QC/cn?. In this work the exposure
perature. In particular, the leakage transport mechanisms Wiljpsage of 25Q.C/cn? was the minimum dose required for
be clarified by extracting the-V information. The adoption  achieving an efficient curing. The control samples were also
of nanoporous silicate with Iqw permittivity ]‘or IC technol- manufactured for comparison, according to a typical com-
ogy can effectively reduce signal propagation delay, powemercial recipe shown as follows. The as-spun silicate film on

consumption, and enhance circuit performance. wafers were transferred to a quartz furnace and heated up
from room temperaturé27 °C) to 425 °C at a ramping rate
@Electronic mail: ptiu@mail.nctu.edu.tw of 20 °C/min. A thermal curing process then proceeded at
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FIG. 1. LogJ versusEY? plot of thermally furnace-cured nanoporous sili-
cate film at the high electric field region, measured at 27 and 150 °C, re.
spectively. The linear relationship of IdgEY? curves is characterized by
Schottky-emission leakage mechanism.

FIG. 2. Leakage current density of electron-beam cured nanoporous silicate
film as a function of electric fields, measured at 27 and 150 °C. The sym-
metry of J-E curves measured from MIS capacitors suggests bulk-
dominated conduction behavior.

425 °C for 1 h under nitrogen atmosphere, further forming BoE2— ¢

nanoporous silicate films. Electrical measurements were con- J=J, exp( P—PF> , (2

ducted on metal-insulator-semiconductd|S) capacitors ke T

by thermally evaporating Al electrodes on the front surface

of the nanoporous silicate films and the backside of the sili- ) ) )

con wafer. The current-voltagd-V) characteristics were WhereéJo=ooE is the |°W3'f'e|d CLljerrent densityy, the low-

measured with an HP4156C semiconductor parameter anfield conductivity, Bpe=(€"/ meoe) ™, ¢pr the height of trap

lyzer with the MIS capacitors biased at the accumulatiorPOtential well. o .
polarity The two processes can be distinguished by comparing

In the initial study, the electrical analysis was conductedthe theoretical values gBse and Bpe with the calculated one

to characterize the leakage current of nanoporous silicatgbtalned from the slope of the experimental curveJogr-

1/2 14 i i i i
film typically cured by a thermal furnace. Various conductionSUSE L The relative dielectric constant_determmed from
; . . __._capacitance measurements of samples with the Al-gate elec-
mechanisms such as ohmic conduction, Schottky eMISSION, Jies is about 2.2 at 27 °C. and approximately constant at
and Poole-FrankdlPP emission can be demonstrated using i ' bp y

MIS capacitors through leakage current density versus eleql:50 "C. The slope of the straight-line portion of curves in
= i 23 1/2
tric field (J-E) and logJd versusEX2 curve fitting*?"**At low lg. 1 gives a calculated value of @0 ™ Jm/V)** at

lectrical fields the leak : ical of ohmi high electric fields for experiment#. The theoretical value
electrical fields the leakage current is typical of ohmic con-¢ Bse and Ber are 3.7< 1023 and 7.4< 1022 (m/V)Y2,

duction, apparently because of thermally generated Carrier?espectively. From these results, at high electric fields, the
This observation has been experimentally confirmed by prey, ' '

. 516 eaky transport mechanisms in the furnace-cured nanoporous
vious researchi>® Moreover, a plot of the leakage current gjjicate could be summarized by the Schottky emission. The
density versus the square root of the applied field gives &citky emission generated by the thermionic effect is
good representation of the leakage behavior at high electrigysed by electron transport across the potential energy bar-
fields, as shown in Fig. 1. It is found that leakage currentier via field-assisted lowering at a metal-insulator interface.
density of the furnace-cured nanoporous silicate film are lin-  peasurement of-E characteristics at varying tempera-
early related to the square root of the applied electric field afyres is also conducted to clarify the leakage behavior of
27 and 150 °C, corresponding either to Schottky emissiofEB-cured nanoporous silicate film. Figure 2 depidt&

(SE) or to PF mechanisitf:* The current density in the SE curves of the EB-cured nanoporous silicate under a voltage

can be quantified by the following equation: sweeping from -50 to 50 V, at different temperatur@g
and 150 °Q. It is found the leakage current density is
BEY2 - ¢ temperature-dependent and increased by nearly two orders of
J=AT? exp(s—s) (1) magnitude, when measurement temperatures increase from
keT 27 to 150 °C. In addition, thel)-E characteristics exhibit

nearly symmetrical and obey a power law relationship over

several decades of current, strongly suggestive of space-
whereBse=(€3/4meqe)'/?, e the electronic chargey the di-  charge-limited currentSCLC) in the presence of distributed
electric constant of free spacethe high-frequency relative traps!”'®This is especially possible for the EB-cured nano-
dielectric constantA” effective Richardson constarftabso-  porous film, due to electron-beam irradiation into a relatively
lute temperaturef: the applied electric fieldgs the contact loose bonding network of porous silicate. As considering
potential barrier, an#z the Boltzmann constant. The current SCLC conduction, the current density can be expressed as
density for PF-type conduction is given by the following equatiornt?
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20x10° prone to remain in the nanoporous silicate film and form a
oo ma‘;"vbtfssos‘\"n‘*ﬂ"w distribution of space charge layer. The trapping of charges is
+  Reverse bias sweeping especially true for the nanoporous silicate film, due to the
10105 |- ﬂ::?:gt;:?o‘.’.) presence of weak bonds and dangling bo'fmtstrapg in the
loose porous structure. These trapped charges in the nano-
T 1axtoe | porous silicate will induce a field gradient through Poisson’s
o equation, with the result that the electric field is reduced at
:2:12):104 = the cathodg Al electrode and enhanced in the region be-
tween the space charge layer and the an@lesubstrate
10x10° - This leads the conduction of following charges to obey
SCLC behavior. Furthermore, since the occupancy of traps
80t is a function of temperature, the SCLC is temperature
oo R T dependent. . _ _ .
8 6 -4 2 0 2 4 6 8 In conclusion, carrying out electrical analyses at varying
E? (MV/icm)’ temperatures from 27 to 150 °C, we have distinguished the

FIG. 3. J versusE2 plot of electron-beam-cured nanoporous silicate film, leakage behavior between EB-cured nanoporous silicate film
measured at 150 °C. The linear relationshipJe? curves indicates the and thermally furnace-cured one. EB-cured nanoporous film

space-charge-limited conduction in EB-cured nanoporous silicate. exhibits space-charge-controlled conductivity, due to trapped
charges in the nanoporous silicate inducing a field gradient
_ 90l , during carrier transportation. A proposed energy band dia-

- WV * B, gram is developed to deduce the observed leakage behavior

of EB-cured nanoporous silicate. The linear relationship of

where u is the free carrier mobilityg, the permittivity of ~ versusE? curve gives a good confirmation of SCLC behav-
free spaceg, the relative dielectric constant of the sampleior. The knowledge of electrical conduction of EB-cured
material,d the sample thickness, arids the ratio of the free nanoporous silicate can benefit the application of electron-
charge carriers to trapped ones, which takes into account thgeam technology on the curing of advanced composites and
trapping center concentration and their distribution. Thepolymers for the aerospace and electric industries.
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