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Comparison of Curing Processes for Porous Dielectrics

Measurements from Specular X-Ray Reflectivity
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Specular X-ray reflectivitf SXR) was employed to compare structure and barrier properties of a series of nanoporous organo-
silicate low dielectric constaritow-k) thin films cured by several different techniques. The polymethylsilsesquioxane films were
prepared by curing the same starting material by five different techniques: standard furnace cure, a novel UV light-assisted
process, and three plasma-assisted processes. The films’ electron asndépth profile, pore volume fraction, and moisture
uptake were measured by SXR. The measurements illustrate how curing technology can significantly impditineiructure

and barrier properties and also illustrate the value of SXR for characterization of depth-dependent phenomena in nanoporous thin
films.
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Curing is an integral process step in the production of manythe dielectrics are cured for at least 30 min. The uncured starting
porous low dielectric constant materidlew-k dielectricg. Because = material contains partially cross-linked MSQ containing hydropho-
the traditional vertical furnace cure method requires longer curebic methyl groups and curable silan@i-OH) groups that can con-
times and high temperatures, alternative cure methods such agense during curing to liberate water and form-$)—Si linkages.
plasma- or UV-assisted processes are of great interest in the semWithout any further treatment, the cured films can still contain some
conductor chip manufacturing industry. These alternative ap-unreacted silanols. A subsequent treatment with hexamethyldisila-
proaches require significantly reduced curing times and, in manyzane (HMDS) may or may not be conducted to convert residual
cases, lower cure temperaturésLower cure temperatures are de- silanols to less polar methyl-terminated species.
sired to minimize the thermal budget, reducing device failures dur-  In this study, sample 1 is the starting material after prebake and
ing curing of back-end-of-line dielectric layers. Over the past year, softbake, but without the final cure stepereafter called “un-
plasma and UV cure processes have been investigated on polymetiured”). Samples 2-5 are the finished products cured by RapidCure
ylsilsesquioxangMSQ)-type lowk thin films? Plasma processes processes from Axcelis Technologies, Inc. The plasma cures utilize
can increase the mechanical strength of porousKalielectrics by one of three plasma chemistries{NCH,, N, /H,/CF,, or N,/H,)
providing additional cross-linking of the fildi’ Although plasma-  in a downstream plasma curing tool, typically at chamber pressures
and UV-cured MSQ films have shown comparable or improved elec-of 400-500 Pa, and wafer temperatures of up to 420°C. The process
trical, physical, and chemical properties, evaluation of additionaltime is approximately 2 min. UV curing conditions involve exposure
material properties is of great interest. Currently, it is desired toof the dielectric to a broadband UV light source in a He purged
identify alternative processes that produce dielectric films havingenvironment at atmospheric pressure with reduced oxygen content at
structural, barrier, and dielectric characteristics closely resemblingyafer temperatures of less than 400°C. The typical UV cure process
those of the furnace-cured f||m, while prOViding imprOVed mechani- time is about 2 min. Samp|e 2 was UV Cured; Samp|e 3 \Ngm-u
cal properties and lowered thermal budget. plasma cured; sample 4 was N, plasma cured, then treated with

Previous work has established specular X-ray reflecti®¥R)  HMDS vapor by an experimental process designed to make the

as a versatile tool for the characterization of nanoporous film elec-, .
; ) ) ; -~’samples hydrophobic; and sample 5 wad M, /CF, plasma cured.
tron density depth profile, thickness, porosity, and solvent or mois- b yarop P 4P

125 tits denth lution. SXR i d Sample 6 was subjected to a standard vertical furnace cure at 425°C.
ture uptake™™ Because of its depth resolution, SXR Is an outstand- o samples were prepared from the same batch of starting material
ing tool for distinguishing subtle differences in film properties ' ~int=in consistent precursor thickness and properties.

induced by differe_nt curing processes._To iIIustra_lte how SXR i_s, The SXR was measured using a high-resolution reflectometer
useful for probing film structure and barrier properties, SXR experi- . pable of characterizing films up to 1fm thick2 Data were
ments have been conducted on a representative MSQ material cur llected in the specular conditidmith the grazing incident angle

by several techniques. Q equal to the detector ang®, and the reflected intensity was
recorded as a function of angle. The film thickness, surface rough-
ness, and electron density profile were deduced using a computer
All samples were JSR Corporation LKD-518@n organosilicate  modeling routine capable of simulating reflectivity from multilayer
spin-on MSQ type dielectric. The first step in the curing sequence ofstructures. To deduce porosity and moisture uptake, additional SXR
LKD-5109 is spin coating of the precursor material onto a substrateexperiments were conducted inside an environmental control cham-
at 2000-3000 rpm, depending on the desired film thickness. Thisser equipped with X-ray transparent Be windows. For toluene up-
step is followed by a hot plate “prebake” in air at 80°C for 60 s t0 take experiments, the films were exposed to saturated toluene vapor
evaporate solvents and a 60 s hot plate “softbake” at 200°C in air,for 2 h or moreprior to measuring SXR data. For water uptake
which initiates cross-linking of the MSQ resin. The final cure is experiments, the films were exposed to saturated water vapor for 3 h
typically done in a vertical furnace at ambient pressure in nitrogenprior to measuring SXR data. Unless otherwise stated, uncertainties
with controlled temperature ramping to 420°C, at which temperaturein all reported quantities are standard deviations based on the good-
ness of the fits. Total combined uncertainties are not reported, as
comparisons are made with data obtained under the same conditions.
¢ Pre;ent addres_s: Dgpanment c_)f Materials Science and Engineering, The Pennsyl- Results and Discussion
vania State University, University Park, PA 16802.
“ E-mail: hedden@matse.psu.edu The first experiments consisted of measuring SXR in air under
d Certain commercial materials and equipment are identified in this paper to ad-3mbient conditiongFig. 1). SXR data are plotted as logflected

equately specify the experimental procedure. In no case does such identification impl L . . R .
recommendation by the National Institute of Standards and Technology, nor does i)[ntensny/lnudent intensityvs. q The scattering vectay is related

imply that the material or equipment is the best available for this purpose. to the reflected anglé by q = (4w sin®)/\, where\ is the X-ray

Experimental
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q (A“) tion from shrinkage(i.e., loss of porosity and addition of mass in
the form of methyl groups by HMDS treatment.

Figure 1. SXR data for all samples in air. Using the computer modeling routine, the film electron density

was modeled as a function of depth. Figure 2 shows calculated

electron density profiles for two of the plasma-cured samples:
wavelength. The well-defined reflectivity fringes in Fig. 1 indicate N2/CH, plasma and b/H, plasma+ HMDS. Density profiles are
that the samples have relatively smooth surfaces. The best fits otplotted as (1&rep,) vs. film depth, wherer, is the radius of an
tained by computer modeling gave the thickness and density datalectron, taken to be 2.82 10 ° A, andp, is the electron density
listed in Table I. The surface roughness was modeled as an interface /A3). The reflectivity data for the NCH, plasma-cured film
cial layer at the film-air interface with a density gradient describedwas best modeled by a single layer of uniform electron density.
by an error function. The roughnesses quoted represent the totabensity depth profiles of the uncured film, the furnace-cured film,
thickness of this interfacial layer determined from the best fit to theand the UV-cured film(not shown were also uniform, with essen-
data. From a knowledge of atomic composition, the film electrontially the same value of the average electron den@ige Table )l
densities were converted to average mass denéitielsiding poros-  Sample 4 (M/H, plasma+ HMDS) was different, showing a layer
ity) reported in Table I. The reflectivity data for sample 4,(N, of increased electron density extending approximately 1000 A in
plasma cure+ HMDS) were best represented by a nonuniform depth from the film-air interface. The topmost layer of this sample
electron density profilémultilayer structur The data for the other  consists of a region of sharply increased electron density approxi-
five samples were well described by fits to unifotgingle-layey mately 70 A thick. The increased electron density may arise from a
profiles. Fits are not shown in Fig. 1 for clarity, as the fits were difference in atomic composition and/or a reduction in porosity in
nearly identical to the measured reflectivity data. this layer. Interestingly, the bottom layer of this sample has nearly

The thickness of the films can be deduced from the spacing ofthe same electron density as those of the other cured samples. Be-

the fringes at highg, which are closer together for thicker films. cause our goal in this study was only to characterize the final struc-

Uncertainties in all reported thicknesses are estimatett2@ A. ture and barrier properties of the cured film, we did not determine
The measured thickness of the uncured sample was (6180) A. whether the nonuniform density profile was due to the/H,

Compared to the uncured sample, all of the cured samples werglasma treatment, the experimental HMDS vapor treatment, or both.
reduced in thickness by approximately 1-3%, with the exception ofHowever, the reduction in film thickness of sample 4 compared to
sample 4 (N/H, + HMDS), which was reduced by about 6.5%. the uncured sample 1, which was not observed to such an extent in
The surface roughness of the films was approximately 20 A for allany of the other samples, is suggestive of surface damage during
of the samples. Compared to the uncured saniplefour of the plasma curing.
cured sampleg2, 3, 5, and Bhad a slightly lower bulk density. All Certain plasma processes are already known to damage organo-
these samples exhibited only a marginal change in thickness aftesilicate lowk materials. For example, Waldfriext al. used dynamic
curing, and none was subsequently treated with HMDS. The verysecondary-ion mass spectrometry to study the effects ofHMN
slight decrease in bulk density during curing likely occurred by loss plasma and He/ki plasma treatments on porous M$® They
of mass in the form of water vapor due to condensation of thefound that N /H, plasma depleted surface carbon, densified the sur-
silanols. In contrast, sample 4, which decreased in thickness duringace, and rendered the films more hydrophilic. The process condi-
curing and was subsequently treated with HMDS, had a slightlytions used in Ref. 13-18such as plasma pressuneere different
higher bulk density than the uncured material. The observed inthan the curing process used to make sample 4 in this study, but it is
possible that the NH, plasma curing damaged the surface of
sample 4 in a similar fashion. Elsewhere, leteal. used SXR mea-

Table I. Summary of SXR results. Uncertainties quoted in text. surements to illustrate how N\blasma treatment of a hydrogensils-
esquioxane lovk dielectric can lead to surface densification with a
Bulk H,O depth of genetration that is dependent upon the processing
Thickness(A) density  uptake conditions!® Sun et al. used positron annihilation spectroscopy to
Sample air/toluene/water Porosityg cm ) (mass frad.  examine how N plasma treatment and,@lasma ashing can den-
1 No cure 6180/6235/6140  0.38 1.03 0.263 sify the surface of an MSQ dielectric, reducing film thickness and
2 UV 6080/6140/6120 0.41 0.99 0.351 altering pore structure near the surféEeThey concluded that N
3 N,/CH, plasma  6075/6100/6080 0.41 0.99 0.026 plasma treatment can cause surface densification by collapse of the
4 N,/H, + HMDS 5780/5970/5970 0.35 1.07 0.085 pores, leaving underlying pores essentially unaffected. Although the
5 N,/H,/CF, plasma6065/6090/6070  0.40 1.00 0.040 materials and processing conditions in Ref. 16 may have been dif-
6 Furnace cure 6030/6050/6025 0.40 1.00 0.006 ferent than those employed here, a pore-collapse mechanism near
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the surface is consistent with the loss of thickness and increase ig g5+ 0.01. The UV-cured sample had the highest water uptake of
surface density seen in the, N, + HMDS sample in this study.  any sample, 0.35% 0.01. Comparing the results for the different
The observation that the underlying material has the almost the samg,re processes, it is clear that the curing process significantly alters
density as the othefundamageyicured samples is also consistent e parrier properties of the material, likely due to differences in

with the observations in Ref. 16. In summary, we postulate that thesrface chemistry. If the surface is wetted easily by water, the pores

surface densification in our sample 4 likely occurred during i are more likely to fill with liquid water in a humid atmosphere.
plasma curing and may or may not have been enhanced by the | this study, the authors did not analyze the changes in film
HMDS treatment. chemistry induced by curing. A previous stddsmployed IR spec-

The porosity (overall pore volume fractionof the films was  troscopy and thermal desorption spectroscefyS) to compare the
measured using a solvent sorption experiment. When films are exsjlanol content between plasma-cured and UV-cured films. The IR
posed to saturated toluene vapor, the pores fill with liquid by capil-measurements were inconclusive because of the weakness of the
lary condensation. By measuring the electron density of the liquid-sj-oH absorption at 950 cht. However, TDS measurements re-
filled film, the amount of solvent in the film is deducéahowing the  corded a substantially higher evolution of water from the UV-cured
number of electrons per solvent moleguiéssuming all of the  fiim compared to the plasma-cured materials, possibly indicating
pores fill with solvent, the volume fraction of solvent in the film is  condensation of silanols. This result supports the idea that the UV-
equated to the volume fraction of pores. This is probably a reasongyred material contains substantial Si-OH and therefore is more hy-
able assumption for the MSQ film/toluene system, as toluene ijrophilic and conducive to adsorption of atmospheric moisture in-
easily able to wet the surface of these films. Toluene is also slightlyside the pores. It is possible that the UV-cured sample contains some
soluble in the MSQ matrix, suggesting that all pores should be acynreacted Si-OH from the precursor, or that Si-OH groups could be
cessible to the solvent, even if they are not directly connected to th%enerated by scission of-SiO—Si linkages if a small amount of
surface. atmospheric oxygen were present during the UV cure.

Figure 3 compares SXR data for the,A\CH, plasma-cured The variability in water uptake may be explained by differences
sample in air and saturated toluene atmospheres. The critical edge @ the sjlanol (Si-OH) content of the cured films. If the silanol
the film (the first sharp drop in intensity at log) moves to higheq groups are not completely converted te-SD— Si linkages during
when the pores are filled with liquid toluene because the overalleying then the resulting material may be more hydrophilic.
electron density of the film increases. Based on the toluene uptake, The water uptake experiment for the, M, plasma+ HMDS
the measured porosity for this sample is (0410.01). From a  gample indicated a nonuniform uptake of water with respect to film
similar experiment, the measured porosity for samplericured s gepth after 3 h. Electron density profiles calculated by computer
(0.38+ 0.01), indicating that much of the porosity is already modeling of the SXR data clearly indicated that the water was con-
present after the prebake and softbake steps. Measured porosities @ntrated within the densifigtop) layer of the film, with less water
the other cured samples are only slightly differésee Table )l ptake in the remainder of the fil#Fig. 4). This result may be due
(Standard uncertainties in porosity are estimated@01, and simi- o a gradient in film chemistry or to slow adsorption kinetics hin-
lar uncertainties exist in quantities calculated from porosMost  dered by the densified layer on the surface. In contrast to water,
of the films exhibited minimal swelling, increasing in thickness by tojuene was able to permeate the entire film, judging by the electron
less than 1% when exposed to toluene. However, théHN  density profile in saturated toluene atmosphere. This observation
plasma+ HMDS sample increased in thickness by about 3%. Thesupports the idea that toluene is able to wet the surface of this
slight swelling of the films in saturated toluene atmosphere supportsample throughout the entire film and thus fill all the pores. The
the assertion that toluene is slightly soluble in the MSQ matrix. Thewetting is facilitated by the lower surface tension of toluene and by
marginal change in film thickness was not expected to affect thethe solubility of toluene in cross-linked MSQ. The experimental
calculated porosities substantially. HMDS vapor treatment process applied to the/N, plasma-cured

SXR experiments in saturated water atmosphere were conductegample was intended to reduce moisture uptake. However, the SXR
to compare the moisture uptake of the films. Films were exposed tqesylts indicate that the HMDS treatment does not completely pre-
saturated water vapor at 25°Crf8 h followed by measurement of ~ vent moisture adsorption in this material. However, elsewhere,
electron density profile by SXR. These measurements did not seeljmDS treatment has been successfully employed to increase hydro-
to measure the equilibrium uptake of water, but were a comparisorphobicity in porous organosilicates. For example, Maral. re-
of water uptake after a fixed amount of time. The water uptéfe  orted “repair” of porous organosilicate glass damaged by O
mass fractioh of the furnace-cured sample was 0.0660.01, for plasma ashing’ They found that HMDS treatment of plasma-
the N,/CH, plasma-cured sample was 0.0260.01, and for the  damaged films lowers the dielectric constant and reduces leakage
N,/H,/CF, plasma-cured sample was 0.0400.01. The current density. These observations were attributed to replacement
N, /H, plasma+ HMDS sample had a higher water uptake of of silanols with hydrophobic trimethylsilyl groups, which was
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thought to discourage moisture uptake. In addition, Cédrél. stud-
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ied HMDS treatment of plasma-damaged MSQ materials, usingelectronics Programs is gratefully acknowledged for support.

FTIR spectra to monitor chemical chandésThey concluded that
isolated hydroxyl groups react with HMDS to form trimethylsilyl
groups, whereas hydrogen-bonded silanols are unaffected by expo-
sure to HMDS at 25°C. According to these findings, HMDS treat-
ment does not necessarily remove all hydroxyl content from the 1
material. Thus, in our HMDS-treated sample, it is possible that
Si-OH groups are formed during,MH, plasma curing and that only

a fraction of these groups is converted to trimethylsilyl groups dur-
ing HMDS treatment. This scenario would be consistent with our
observation that the NH, plasma-cured material retained some 5
hydrophilic character despite HMDS treatment.

Conclusions 4.

SXR measurements can provide detailed information about film
structure and barrier properties, facilitating development of kow- 5.
materials and curing technology. The SXR measurements demon-
strated that three of the filn{§/V, N, /CH, plasma, and p/H,/CF,
plasma and the furnace-cured film had uniform electron density ¢
depth profiles and essentially the same porosity. Tha plasma-
cured material that was treated with HMDS was much different,
showing a distinct densification at the air-film interface. This film
was slightly thinner, had less resistance to swelling in toluene, and
showed significant uptake of water, particularly near the film- s.
atmosphere surface when exposed to a humid atmosphere. We pos-
tulate that the BI/H, plasma curing damaged the surface of this 9.
material, perhaps densifying the film by collapsing pores near theq
surface, and generated hydrophilic silanol groups, not all of which
could be converted to hydrophobic trimethylsilyl groups by treat- 11.
ment with HMDS. Among the other films, which had similar struc-
tural features, a wide variation in moisture uptake was noted, with
the UV-cured sample exhibiting by far the greatest hydrophilicity. It 13,
is possible that hydrophilic silanol groups may have been generated
in the UV-cured sample, if a small concentration of atmospheric14-
oxygen was present during curing. Taken together, our results illus; 5
trate how curing technology can significantly impact lavarrier
properties and therefore affect integration issues.
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