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The density depth profile and chemical bond structure of hydrogen silsesquig¥@@ethin films treated with an Nplasma with

varying power and exposure time were measured using specular X-ray refle(3Xi®) and Fourier transform infrared-TIR)
spectroscopy. The SXR data indicated that the density profile of an untreated HSQ film is not uniform. At least four layers with
different electron densities were required to fit the SXR data. For HSQ films treated with either increasing plasma power or plasma
exposure time, the film roughness increased and a densified layer was observed at the film/air interface. The thickness of the
densified layer increased with both plasma power and plasma exposure time. In the FTIR spectra of the plasma-treated films, the
intensities of the Si-O peaks due to the network structure and the Si-OH peak due to water absorption increased and the intensities
of the Si-H peaks decreased. The FTIR data show that the plasma converts the HSQ structure ipttika Si@cture and are
consistent with the densification observed in the SXR measurements. In general, the HSQ film is more sensitive to increasing
plasma power than to increasing plasma exposure time.
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As device dimensions in integrated circuitkC) continue to copy. Data from the FTIR spectra are then correlated with the SXR
shrink below 0.25um, interconnect delayRC delay)becomes a  results to provide both structural and spectroscopic data about
limiting factor in improving device performance. There are two plasma-treated HSQ thin films.
ways to reduce RC delay, because the delay is a simple product of
the resistance between the metal line interconnects and the capaci- Experimental

tance of the i_nterlayer dielectri(ctLD_) material. One sqlution is to Films were prepared by spin-coating HSQ resin onto 200 mm
lower the resistance of the metal line and the other is to lower thesjlicon wafers, then baked for 1 min sequentially on separate hot
dielectric constant of the ILD material. Today, copper has replacedp|ates set at 150, 200, and 350°C. The films were then cured in a
aluminum as the metal line material and has received much attentiofyrnace at 400°C for 1 h under a,Natmosphere. Samples were
because of its low resistivity and high electromigration resistance.prepared with two different thicknesses, 300 nm for an HSQ film
Also, many new ILD materials with low dielectric constaitsw-k) without plasma treatment, and 400 nm for films undergoing plasma
have been developed to replace the current dielectric, silicon dioxtreatments. Several different,Nolasma post-treatments were ap-
ide. One of the most promising lokwmaterials is the commercially  plied to the cured HSQ films. In one series of treatments, the
available siloxane-based hydrogen silsesquioxai8Q)resin. HSQ  samples were placed in the plasma for 60 s while the plasma power
is already used in IC production because of its excellent planarizawas varied from 200 to 600 W. Second, the plasma power was
tion, gap fill capabilities, and usefulness in nonetch back processegnaintained at 400 W while the plasma exposure time was varied
However, the combination of both copper lines and lodielectrics ~ from 50 to 80 s.

as interconnect materials still has several important technical prob- X-ray reflectivity measurements were performed using a modi-
lems such as reducing copper diffusion, decreasing the leakage cufied high resolution X-ray diffractometer with a tube source using
rent, suppressing water uptake, and avoiding damage during patter=U Ko radiation with a wavelength, of 1.54 A. The incident beam

ing in IC applications. Many researchers are developing newWas conditioned with a four-bounce germanii@20) monochro-
processes with HSQ to address these probfsfns. mator. Before the detector, the beam was further conditioned with a

tgllree-bounce germaniuf@20) channel cut crystal. The goniometer

Many of these problems can be addressed through processes thh i teedback svstem t i | d
increase the surface density of an HSQ film. Although this solves. as an active servo feedback system (o provide an angufar reproauc-

some problems, a densified surface layer also increases the effectiv@ 'Y Of ?:Ooofl . This |fn_strum?ntal ??nflgu_riu%n inables the obser-
dielectric constant of film. To balance these two effects, the semi-Vatlon ofinterference fringes from fiims with thicknesses up to 12
: ’ wm. The reflected intensity was collected as a function of the graz-

conducto_r_ indu;try WOUld like to precise_ly contr_ol_ the thicknesg of ing incident angle equal to the detector angle. The measured angular
the densified dielectric layer. To reach this goal, it is also essential tc}ange was 0.1 to 0.6° for the films in this study.

develop an accurate analytic technique to measure the thickness of \wnhen the grazing incidence angle, of the X-ray beam is
the densified dielectric layer. However, few experimental techniquesmalier than the critical angle of the film,, the X-ray beam is
are able to perform high resolution measurements of the densityymost completely reflected. The critical angle is directly related to
profile of dielectric thin films that are several thousand angstromsihe  glectron density of the film through the equatiof:

thick. = Npddm)Y? wherep, is the electron density ang is the clas-
_In this work, we demonstrate the use of specular X-ray reflectiv-sjca| electron radius, 2.818 fm. The momentum transfer in the film
ity (SXR) as a powerful technique to measure the depth profile ofickness direction®,) is also related to the incident angle and is
N, plasma treated HSQ films. SXR is a nondestructive measuremenjefined asQ, = (4m/\)sin 6. The precise measurement of the
that allows current instruments to be capable of angstrom resolutioRyitical angle is an important factor in the determination of the av-
for films up to 1.2 pum thick. The influence of the Nplasma  erage electron density of the film.

treatments on the chemical bonding structures of the HSQ films is The SXR data were analyzed by fitting model electron density
also investigated using Fourier transform infraf€@’IR) spectros-  depth profiles to the experimental data using a least squares fitting
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routine based upon the algorithm of ParfdttThe theoretical 1 AR LN RN RN LR RN LR RN RN AR R RRR RN RARES R

basis of gle deconvolution of the SXR data is described in detail

elsewhere. The depth profile of the electron density of the film is = .

modeled as a seritfs 011O layers each characterized b{/ an electron de 0 e exFer;megt:;aI data

sity, thickness, and interfacial width or roughness. The primary pa- 1k --- calculated data _

rameter used to describe the model profil®fs the elastic coherent  —3

scattering per unit volume, and is directly proportional to the elec-= 2k ]

tron density. Given an elemental compositi@ﬁ values are easily 8’

converted into a mass density. The reflectivity is calculated for a=J 3l ]

model profile and compared with the experimental data. The model )

electron density profile is then numerically adjusted until the calcu-

lated reflectivity agrees well with the data. B ]
Infrared absorption spectra with wavenumbers ranging from 400

to 4000 Crﬁl were recorded with aspectrometer with 47(:‘ITT$peC' 5 IEERE ARENENRETASANRARNET RRNTY ARATI ERARARUNRA ARANARUNN]

tral resolution. The data from each sample were averaged over 10 0.02 0.04 0.06 0.08 0.10 0.12

scans to increase the signal to noise ratio. The final sample spectr Q (A'1)

were obtained after subtracting the peaks due to the silicon sub- z

strate. Figure 1. SXR curve of HSQ film without plasma treatment as presented as

the logarithm of the ratio of the reflected beam intensijyto the incident
Results and Discussion beam intensity I(,) vs.the magnitude of the momentum transfer in the film

Figure 1 shows the SXR curve for the untreated cured HSQ ﬁlmthickness directio{Q,). The solid and dotted curves represent the experi-
mental and calculated data, respectively.

presented as the logarithm of the ratio of the reflected beam intensity
() to the incident beam intensityl ) vs. Q. Two critical angles
arising from the dielectric material and the silicon substrate are ob- 1.2x10°
served in the reflectivity data. The first critical andBue to the

dielectric thin film)is atQ, = (0.0255=+ 0.0005) A and the sec- Silicon substrate
ond angle (due to the silicon substrateis at Q, = (0.0310 1.0 -
+0.0006) AL.7¢ Constructive and destructive interference be- Free surface

tween radiation reflected from the air/film interface and the film/ &

silicon interface results in oscillations in the SXR curve. The overall = 0.8 -

thickness of the film can be determined from the spacing of the ™ o
interference fringes in the SXR data because the periodicity of the
oscillations is proportional to the dielectric film thickndgsickness 0.6l -
= 2w/(fringe spacing)].However, at lowQ, values near the critical
angle of silicon, the linear relationship between film thickness and
the periodicity of the interference fringes is affected by multiple oglba b b b e a loaa s by
scattering. At largerQ, values when the reflectivity is less than 0 500 1000 1500 2000 2500 3000 3500
1072, multiple scattering contributions to the reflectivity signal are A

less than 1% of the reflected intensity. In this work, the film thick- Depth (A)

ness O.f HSQ W.as determined from the spacing Of. the fringes in thq:igure 2. Calculated electron density depth profile of the film in Fig. 1. The
Q; region ranging from 0.053 to 0.092°A The thickness of the  fge surface is located at the far left of the horizontal axis and the Silicon
film in Fig. 1 is (316= 1) nm. substrate is located at the far right of the abscissa.

The best fit to the experimental data of untreated HSQ film is
also shown in Fig. 1. This HSQ film requires at least four distinct
layers to adequately fit the data. Figure 2 shows the electron density
profile corresponding to the best fit to the HSQ reflectivity data. This
profile includes a dense top layer about 5 nm thick as well as a layer
about 51 nm thick, that is slightly denser than pure HSQ. The elec-

o

tron density of the top layer is approximately 92% of the density of 200W_60s
quartz, suggesting that this layer was transformed into a structure 2[~300W 60s N
similar to silicon dioxide. The density of the second layer is higher -
than the third layefpure HSQ), by a fraction, approximately 3%. —~ 400W_60s
The densification in the second layer is likely due to the loss of Si-HE [ s00w_60s ]
bonds and some film oxidation during the bake and cure processe:® G0OW 608
Interestingly, there is also a less dense layer, approximately 6 nn— B
thick, near the silicon substrate with a density that is 91% of the B ]
bulk HSQ layer.

Figure 3 shows the SXR data from a series of HSQ films after sb i

plasma treatment for 60 s with plasma powers varying from 200 to

600 W. Figure 4 shows the SXR data from a series of HSQ films

after plasma treatment at a plasma power of 400 W for times varying BT FUTTH T TR PN PUTY FRUTE TETIN ATV TT T T

from 50 to 80 s. There are several general characteristics that appei 0.02 0.04 0.06 0.08 0.10 0.12

in the SXR data of each of the plasma treated films. Relative to the Q, (A'1)

untreated HSQ film, the amplitude of the oscillations in the SXR

data decrease and the specular reflectivity drops more quickly begigure 3. SXR curves of plasma-treated HSQ films treated with different
plasma powers for 60 s presented as the logarithm of the ratio of the reflected

¢ All data in the text and in the figures are presented with the standard uncertaimybeam intensityl) to the incident beam intensity §) vs.the magnitude of the
(=) associated with the measurement. momentum transfer in the film thickness directi@,).
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QA Figure 6. Electron density depth profiles of HSQ films treated at 400 W of

power for different plasma exposure time ranging 50 to 80 s.
Figure 4. SXR curve of plasma-treated HSQ films with a plasma power of
400 W and different plasma exposure times presented as the logarithm of the
ratio of the reflected beam intensitly to the incident beam intensity {) vs.
magnitude of the momentum transfer in the film thickness direct@.

%0 | T | T 700
yond critical angle indicating that the film roughness is increasing. »
When the roughness of the film increases, the specular reflectance @ 80 - ] 600 )
angles beyond the critical angle decreases faster than those valuug 3,7
calculated for an ideal smooth interface using the Fresnel@ 0= -1 500 3
equations’ ! Additionally, when the plasma power and plasma ex- 3 -
posure time increase, a longer wavelength oscillation appears irg 60— 400 &
each SXR curve and the critical angle of the HSQ film moves to @ 5
higher values indicating that a thinner denser layer has formedg 50 - 300 g
within the film. Fits to the SXR data are shown in Fig. 5 and 6. Up & | —A— different exposure time at 400 W _| 200 =
to seven distinct thin film layers as well as the silicon substrate Iayer,j‘? 40 —e— different plasma power for 60 s 0
were required to adequately model the SXR data from the plasma 30 | | | I 100
treated samples. 0 100 200 300 400 500

For comparison, we compare the plasma treated films with con-

ventional silicon dioxide materials. THg? values or electron den- Thickness of densified layer (nm)

sities of fully densified quartz and plasma enhanced chemical vapor

deposition(PECVD) tetraethoxysilanéTEOS) dioxide are reported  Figure 7. The thickness of the densified layers of HSQ films with different
to be 1.14x 1073 and 0.887x 1073 A2, respectivel)}.z In this plasma treatment conditions. Errors are smaller than the size of the symbols.
work, we define a fully densified film as a film having a density

larger than the density of PECVD TEOS oxide and a densified layer

as a layer with a larger density than that of bulk HSQ or the cured

HSQ. The HSQ film treated with Nplasma at 200 W for 60 s shows

an almost fully densified layer approximately 14 nm thick. In Fig. 7,

0.95 T T T T T T
.3 R
1.2x10 RN R RSN R RRN RN LR 090— +d!ﬁerentplasmapowerhrSOS
_ o . O different exposure time at 400 W
1ME 200W_60s . — < 0.85 - ¢ PECVD oxide o
it - - 300W_60s - ~
1.0 fin — 400W_60s 7 o
S e 500W _60s 5 0801 ]
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Plasma power (W)
Depth (A)
Figure 8. Averagng of HSQ films with different plasma treatment condi-

Figure 5. Electron density depth profiles of HSQ films treated with different tions. For reference, the avera@é of PECVD TEOS oxide and the as-cured
plasma power ranging from 200 to 600 W for 60 s. HSQ films are also shown.

Downloaded on 2014-04-27 to IP 140.113.38.11 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

F198 Journal of The Electrochemical Sociefy48 (10) F195-F199(2001)

1.0 T T T T T T T 0.8 T T T T T T T

08

600W_60s

400W_80s

0.6
400W_70s

0.4
400W_60s

0.4 400W_60s

300W_60s

0.2 400W_50s

Absorbance (arbitrary unit)
Absorbance (arbitrary unit)

0.2 200W_60s

] ] ] ] } | I |
0.0 0.0
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm'1) Wavenumbers (cm'1)

Figure 9. FTIR spectra of plasma-treated HSQ films with different plasma Figure 10. FTIR spectra of plasma-treated HSQ films with different plasma
powers presented as relative intensity of absorbasceravenumbers. exposure time presented as relative intensity of absorbameeavenumbers.

the initial cage structure remains in the film even though the entire

we plot the thickness of the densified layer as a function of dn"ferentFISQ film treated at 600 W for 60 s is affected by the plasma.

plasma treatment conditions. The thickness of the densified laye FTIR spectra are taken to verify the postulated chemical struc-
formed by the plasma treatment generally increases with plasm?ure chan pes of the densified HSQ ﬁlmsID The FTIR spectra of the
power and plasma exposure time. More specifically, when the expo- SO fi 9 ith and without bl i t. t h pect Fig. 9
sure time was fixed at 60 s, the thicknesses of the densified Iayer'é| Q films With and without plasma treatment are shown in 9.
were approximately 45, 63, 137, and 265 nm, for plasma powers of"d 10 The important modes in the FTIR spectra are:(fgSi-H)

200, 300, 400, and 500 W, respectively. When the plasma power wastrétching mode near 2250-2260 chnand the twov,{Si-O-Si)

600 W and the exposure t|me was 60 S, the entire HSQ (ﬁﬂm aSymmetnC StretCh|ng mOdeS near 1068-1078'JCHnd 1132-1136
proximately 400 nm thickwas densified by the plasma. When the ¢m™*. Onew,{Si-O-Si) peak has a higher wavenumber and corre-
plasma power was fixed at 400 W and the plasma exposure timesponds to the stretching of larger ang&-)O-Si bonds within the
were 50, 70, and 80 s, the thicknesses of the densified HSQ film$&lSQ cage structure. The otherSi-O-Si) peak has a smaller
were approximately 131, 175, and 194 nm, respectively. Figure 7wavenumber and represents the stretching of smaller 48EIO-Si
also shows that the effect of plasma power on the thickness of thdonds within the cured network structure.”As the plasma power
densified layer in the HSQ film is much larger than the effect of the and plasma exposure time increases, the intensity of the 1068 cm
plasma exposure time. band grows more pronounced relative to the 1135 timand be-

In Fig. 8, we plot the average densities of the plasma treateccause the plasma cleaves the silsesquioxane cages in the HSQ films
HSQ films as a function of different plasma conditions. The averageand transforms the HSQ film into a Sidike structure. Also, in-
densities of the films are calculated using t@@z and thickness of  creasing the plasma power and plasma exposure time causes the
each layer used in the model profile through the summatio®@t ( intensity of the peaks from the smaller ang8-)O-Si band to shift
thickness/total film thicknegsThe density of a PECVD oxide is to a higher frequency because of the back-bonding coordination of
also shown in Fig. 8 to provide a reference value to compare theoxygen atoms. Additionally, the plasma-treated films show that more
relative degree of densification within each film. The average den-Si-H bonds in the HSQ film are converted into Si-O bonds leaving
sity of an HSQ film treated at 200 W for 60 s increases only by amore oxygen atoms around a Si atom. These electronegative oxygen
fraction, 3% above the untreated HSQ film. The HSQ films areatoms effectively attract electrons away from neighboring Si-O
densified much more for plasma powers greater than 300 W and thgonds 5relgultlng in an increased Si-O bond strength or bond
percent densification relative to PECVD silicon oxide appears toenergy->
saturate for plasma powers greater than 500 W. An HSQ film with ~ The intensities of the three bands from tft¢-)Si-O bending
plasma treatment of 600 W for 60 s is densified to approximatelymode at 830, 856, and 876 cfand the sharp band from the
87% of the density of PECVD oxide. This suggests that a fraction of(05-)Si-H stretching mode at 2254 crh decrease due to the

Table I. The characteristic peak position (cm™) of different bonds from HSQ films after various plasma treatment conditions. Standard
uncertainty associated with the measurement of all data is=0.5 cni 2.

Samples v, 2(Si-0-Si) W O3Si-H) H,SiO d’(HSi-0)

HSQ w/o plasma 1068, 1135 2254 2195, 982, 945 876, 856, 830
HSQ/200 W_60 s 1068, 1132 2254 2195, 982, 948 828
HSQ/300 W_60 s 1069, 1135 2255 2198, 982, 947 829
HSQ/400 W_60 s 1075, A 2260 983, 947 830
HSQ/500 W_60 s 1072, sh 2262 2203, 983, 946 831
HSQ/600 W_60 s 1078, sh 2263 - 832
HSQ/400 W_50 s 1069, 1136 2255 2195, 981, 946 828
HSQ/400 W_70 s 1070, sk 2257 2203, 982, 944 830
HSQ/400 W_80 s 1070, sh 2259 2204, 983, 945 831

ash* represents shoulder without isolated peak.
by and d represent the stretching and bending modes, respectively.
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plasma-induced cleavage of the cage structure and of the Si-H bonddSQ films with and without plasma treatment were characterized
in the HSQ films. The cleavage of cages is more strongly influencedusing FTIR measurements. The FTIR spectra suggest that the HSQ
by increasing the plasma power than increasing the plasma exposuigage structure is transformed into a Silike one by the plasma and
time. After plasma treatment at 600 W for 60 s, the)Si-O bend-  are consistent with the densification observed by SXR. In the future,
ing and (Q-)Si-H stretching peaks of the initial HSQ film almost we plan to extend these measurements to porousklaielectric
disappear, indicating that the entire HSQ film is affected and transthin films. Plasma treatments for porous lévwdielectric materials
formed into a Si@-like structure by the M plasma. As the Si-H are of interest because porous films have much weaker physical
peak intensity diminishes, th€Si-)O-Si bending peak below 500 properties requiring the development of new processes to increase

cm ! clearly increases. The intensities of the three peaks due to thé¢he film density without lowering the dielectric constant.

H,SiO moiety at 945, 982, and 2195 cidecrease with increasing
plasma power and plasma exposure time. Previous researchers hayg
reported that B plasma treatments cause the Si-H bonds in HSQ to
break leaving many dangling bonds in the fiilnSome of these
dangling bonds immediately absorb water after exposure to ambient;
air. When the plasma power is larger than 300 W, adsorbed water
appears in the FTIR spectra from the broad peak centered at 340Q.
cm ! and the relatively sharp Si-OH peak at 3654 ¢mThe other 5
absorption band assignments in the FTIR spectra of the plasma™
treated films are listed in Table I. 4.

Conclusions 5.

We have demonstrated that high resolution SXR measurements;
provide a unique and promising method to obtain detailed informa-
tion about the density profile and average density of plasma treated?.
low-k dielectric thin films. Using this technique, process and mate-
rials engineers will be able to better evaluate process design meth-y
ods to optimize the film density for future IC applications using 1.
low-k dielectric materials. We determined that the best-fit model
profile for the SXR data from an as-cured HSQ film required at least!!-
four distinct layers with different electron densities. Plasma-treated
HSQ films required up to seven separate layers to adequately fit thes’
data. A densified HSQ layer with a density approaching a-3ke
density was observed for all films studied here. Both the thickness oft4:
the densified layer and the film roughness at the film/air interface
increased with increasing plasma power and plasma exposure timgg
The densification of and the change in bond environment in the

The National Institute of Standards and Technology assisted in meeting

publication costs of this article.
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