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Impact of reductive N ,/H, plasma on porous low-dielectric constant SICOH
thin films

Hao Cui,a) Richard J. Carter, and Darren L. Moore
LSI Logic Corporation, 23400 NE Glisan Street, Gresham, Oregon 97030

Hua-Gen Peng and David W. Gidley
Department of Physics, University of Michigan, Ann Arbor, Michigan 48109

Peter A. Burke
LSI Logic Corporation, 23400 NE Glisan Street, Gresham, Oregon 97030

(Received 13 December 2004; accepted 13 April 2005; published online 25 May 2005

Porous low-dielectric constarflow-x) SiCOH thin films deposited using a plasma-enhanced
chemical-vapor deposition have been comprehensively characterized before and after exposure to a
reactive-ion-etch-type plasma of,Mind H, chemistry. The lowx film studied in this work is a
carbon-doped silicon oxide film with a dielectric constés of 2.5. Studies show that a top dense

layer is formed as a result of significant surface film densification after exposurg/ kb, [glasma

while the underlying bulk layer remains largely unchanged. The top dense layer is found to seal the
porous bulk SICOH film. SICOH films experienced significant thickness reductiomrease, and
leakage current degradation after plasma exposure, accompanied by density increase, pore collapse,
carbon depletion, and moisture content increase in the top dense layer. Both film densification and
removal processes during,NH, plasma treatment were found to play important roles in the
thickness reduction and increase of this porous low-SiCOH film. A model based upon mutually
limiting film densification and removal processes is proposed for the continuous thickness reduction
during plasma exposure. A combination of surface film densification, thickness ratio increase of top
dense layer to bulk layer, and moisture content increase results in the increas@lure of this

SiCOH film. © 2005 American Institute of PhysidDOI: 10.1063/1.1926392

I. INTRODUCTION damage to lowk films during a photoresist removal ash pro-
N . . _ cess has attracted increasing attention as the BEOL critical
As the critical dimension of very large scale integrateddimension becomes smaller and tkevalue of ILD film
(VLS') circuits continues to shrink and circuit Operating fre- decreases. Reactive-ion-et@mE)-type oxygen p|asma pro-
quency keeps increasing, backend of the IBEOL) inter-  cesses have long been used to remove photoresist in VLS
connect related issues such as interconnect delay, cross tfHFocessing. However, SiICOH films have been found to be
noise, and dynamic power consumption become worse. Lowsysceptible to significant oxidative plasma dam3g@As a
dielectric constanflow-«) materials are being used as inter- roq it " alternative processes including reductive plasma, re-
layer dielectric§(ILD) in BEOL Cu interconnects to reduce motely generated plasma, and wet strip processes have been
the interconnect capacitance and alleviate these iéﬁ“es'under investigation for photoresist remoVAI=RIE plasmas
SiCOH thin films, which are also commonly referred to as sing reductive gases such as Nahd ’\b/H have been
- . - . 2
Carbon-doped silicon oxide or _organosmcate glass, deIOOSIteéund to be capable of removing photoresist efficiently with
using plgsma—enha_nced chemlgal-vapor depos VD) significantly less damage to low-SiCOH films than the
have gained favor in the VLSI industry as a lowiL.D due . o
; . 3.5 . . traditional oxidative plasma. One of the most commonly
to their relatively robust propertlés. PECVD SiCOH films . L
used methods to further reduce thevalue of dielectric thin

with a « of ~3.0 are being widely implemented in BEOL il s the introduct ¢ . he fil H
interconnects for 130- and 90-nm nodes. Dielectric films' ™ s the Introduction of pores into the films. However,

with lower « values are being actively developed in order toP°roUs lowx SiCOH films also become more sensitive to
meet the requirements of future generation Cu interconned®/E reductive plasma damage as the film porosity increases.
technology. This work focuses on a PECVD SiCOH film Significant film thickness reductions value increase, and
with « of 2.5, likely to be used for technology nodes beyondinsulating property degradation are among the major conse-
65 nm. Implementation of porous lowiLD materials, how- duences of such plasma damage. This work presents a com-
ever, presents significant process integration and reliabilitprehensive study of the impact of RIE-typg/Mi, plasma on
challenges compared to conventional silicon dioxide. Suctd PECVD porous SiCOH film withk of 2.5. Driving forces
challenges become more critical as thevalue of the ILD ~ and mechanisms of thickness reduction anthcrease are
film decreases due to an increase in film porosity. Plasmaroposed and discussed along with changes in other film

properties including density, refractive indéRl), chemical
dauthor to whom correspondence should be addressed; FAX: 503-618b0nding structure and composition, surface roughness, and
0308; electronic mail: haocui@Isil.com leakage current.
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Il. EXPERIMENTAL PROCEDURE 1.56
In this work, the effects on PECVD porous SiCOH films 152 | A A
with a « of 2.5 upon exposure to a RIE,NH, reductive x A
plasma have been studied. Film deposition was achieved us- 2148 a YT
ing an oxidative—organosilane chemical discharge, with the 2 1as | A Top layer RI!
wafer maintained at 250—300 °C. After deposition, the film E ’
was exposed to an ultraviolefUV) light treatment at K RWIE A
~400 °C to form the oxide network, promote cross-linking LA o d
in the film, and drive out the porogens, forming a porous 1.36 . L .
film. The final film thickness after deposition and UV treat- 0 100 200 300 400

ment was targeted between 6000 and 7000 A. In order to Treatment time (g)

e“mme_lte_ any p055|ble low- surface Sk_m protection effect FIG. 1. The refractive index of the top layer and underlying bulk layer of
and mimic the lowx trench bottom during dual-damascene sicoH film after N./H, plasma treatment vs treatment time.
processing, all SICOH films were etched back-t4000 A

using a CHE/CH,/N; etch chemistry before MH; plasma  anq composition, surface roughness,and leakage current
treatments. A low-temperature, RIE-type plasma ¢f&d  haye been studied and are presented in the following sec-
H, chemistry was used in this study. During the plasma treatgjons. Mechanisms of NH, plasma damage to the SiCOH

ment, wafers were maintained at 30 °C in a capacitivelyfim including significant thickness reduction ardncrease
coupled chamber with a standard process condition of proposed and discussed in detail.

50-standard cubic centimeter per min(®@CCM) N, and
100-SCCM I—& gas flows, 40-mTorr chamber pressure, andy Thickness, refractive index, and density
1000-W applied rf power. Under these conditions, the re-
moval rate of a photoresist for 193-nm photolithography is A single-layer model was used to successfully measure
measured as-2600 A/min. the thickness and RI of as-deposited and postetch SiCOH
Film thickness and RI were measured using a spectrofilms, indicating the homogenous nature of the films. Both
scopic ellipsometer system with a wavelength range frondilms have similar refractive indices of approximately 1.39.
200 to 800 nm. The quoted RI values in this work corre-However, a dual-layer model, comprising a relatively thin
spond to a wavelength of 633 nm. A high-precision mi-top layer and an underlying bulk layer, was needed to mea-
crobalance with accuracy up to Ty was used to monitor sure films after the WH, plasma treatment in order to
the wafer weight change. Positron annihilation lifetime spec-achieve good fitting between the experimental and simula-
troscopy(PALS) was used to study the pore characteristicstion data. The necessity of a dual-layer model indicates sig-
such as pore size distribution, pore signal intensity, and porgificant optical property inhomogeneity of the film as a func-
interconnectivity of the SICOH films before and after the tion of thickness. Figure 1 shows the RI of the top layer and
plasma treatments. Chemical composition and its depth pra!nderlying bulk layer after B'H, plasma treatments versus
file were determined using Rutherford backscattering spedreatment time. The RI of the underlying bulk film remains
trometry (RBS), hydrogen forward scatterinHFS) spec- unchanged compared to the as-deposited film but the top
trometry, and secondary-ion-mass spectromégiMS). A layer is found to have a significantly higher RI. These data
mercury probe system was used to form metal-insulatorsuggest that there is significant densification of the surface
semiconductor (MIS) capacitors and measure the film after plasma treatment while the bulk film remains rela-
capacitance-voltageC—V) and current-voltagél —V) char-  tively unchanged. It is also noted that the RI of the top layer
acteristics of the lowe SiICOH films at room temperature. gradually increases with treatment time and tends to saturate
The dielectric constant of the films were calculated from theat approximately 1.51, indicating a gradual densification of
C-V characteristics of the MIS capacitors measured athe film surface. The thickness of the top layer formed after
500 kHz. The Hg probe system is calibrated using a thermaN2/H; plasma treatment as a function of treatment time is
oxide film to ensurex measurement accuracy. Chemical Shown in Fig. 2. The top layer thickness is the highest after
bonding structures of these films were investigated fronft0-s plasma exposure and remains relatively stable from 80-
Fourier transform infrare¢FTIR) spectroscopy using a BIO- to 320-s treatments. The higher thickness and lower RI of the
RAD QS-2200 FTIR spectrometer. Transmission spectra dop layer after 40-s plasma treatment compared to other
normal incidence were collected at a 4-dnresolution. longer exposure times may indicate incomplete densification
Root-mean-squaréms) surface roughness of SICOH films of the film surface at that time.

was determined from the atomic force microscayFM) The total film thickness after the JXH, plasma treat-
images of a 1& 10 um? surface area. ment is calculated from the thickness sum of the top and

underlying bulk layers. Significant reduction of the film
thickness was observed after the plasma treatment. Figure 3
shows the film thickness reduction as a function of N,

The impact of a RIE-type reductive,lH, plasma on a plasma exposure time. The film thickness reduction is found
porous SiCOH film withx of 2.5 has been comprehensively to continuously increase with treatment time. The observed
investigated. Film properties such as thickness, refractive inreduction in thickness could be due to either film densifica-
dex, density, pore characteristics, chemical bonding structuréon (shrinkage, or removal of the film as a result of the

Ill. RESULTS AND DISCUSSION
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FIG. 4. Wafer weight loss after MH, plasma treatment vs treatment time.
The expected wafer weight loss assuming no film densification was calcu-
lated from the film thickness reduction using a film density of 1.09 g/cm

FIG. 2. Thickness of the top layer formed aftes/N, plasma treatment as
a function of treatment time.

sputtering effect of plasma ions, or a combination of thesgated weight loss. This suggests that densification is more
two effects. Contributions of film densification and removal dominant than film removal within this short treatment time.
to thickness reduction have been studied by monitoring the ~ Assuming the bulk film density remains at 1.09 gfcm
wafer weight and film density changes. Film densificationafter a N./H, plasma treatment, the density of the top layer
and removal can both cause film thickness reduction but theican be determined from the wafer weight and individual
effects on film mass loss and density are different. Densifithickness of the dense surface and bulk layers. Figure 5
cation incurs minimal film mass loss thus tends to increasshows the top layer density as a function of plasma treatment
film density. Removal of the film reduces film mass but film both before and after a thermal annéa00 °C in N,). The
density should remain unchanged. By measuring the thicksignificantly higher density of the top layer compared to bulk
ness of an as-deposited film and the wafer weight chang&m again confirms a significant film densification during the
before and after deposition, the density of an as-depositeglasma exposure. The decrease in top layer density after a
SiCOH film is determined to be 1.09 g/énAll wafers ex-  thermal anneal is thought to be a result of thermal desorption
perienced some weight loss after a/N, plasma exposure, Of moisture content from the film.

indicating some degree of film removal. Figure 4 shows the  The studies of film thickness, RI, and wafer weight loss
measured wafer weight losses after varioug By, plasma  suggest that film densification and removal due to physical
treatments. Also included is the expected wafer weight los§ombardment of the plasma ions both play important roles in
calculated from the film thickness reduction after plasmahe thickness reduction of the porous SiCOH film during a
treatment using the pristine film density of 1.09 gfcifhe  N2/H; plasma treatment. Film densification is suggested to
calculated weight loss should correlate well with the meabe caused by chemical interactions between plasma ions and
sured weight loss if film removal is the dominant cause ofchemical bonds in the low-film, resulting in pore collapse
film thickness reduction. The wafer weight loss continues tdn the affected region of the film, causing an increase in
increase with treatment time, suggesting that removal of théensity. Therefore, the densification rate is greatly affected
film plays a significant role and it is a continuous processPY the penetration depth of plasma ions into the film. The
The smaller actual wafer weight loss compared to the calcudensification rate is expected to be higher for films with
lated weight loss indicates that a significant film densifica-Nigher porosity due to deeper plasma ion penetration. How-
tion process also occurs during plasma exposure. Compar&yer: the rate of film densification may be significantly Iow_er
to longer treatment times, the actual film mass loss after thé/nen a dense layer starts to form on the surface. The film
40-s plasma treatment is significantly lower than the calcuf®moval process is thought to be a sputtering effect of the

1.8
1000 A

1.7 ¢

< 800 | -

g ”E 16 } A

B L L)

3 600 3 15 } b

i Fles

2 400 | £l ¢ o

§ A After anneal
13}

§ 200 } @ Before anneal

ﬁ 1.2 e ] i g L A I

0 e 0 50 100 150 200 250 300 350 400
[¢] 100 200 300 400

Treatment time (8)

Treatment time (s)
FIG. 5. Density of the top layer afterdH, plasma treatment as a function
FIG. 3. Thickness reduction of SICOH after,MH, plasma treatment as a of treatment time. Top layer densities measured with and without a thermal
function of treatment time. anneal at 300 °C in Nafter plasmas treatment were included.
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ions in the plasma. Based upon these results, it is proposé@BLE I. PALS results of fitting the spectra 50 ns away from the prompt

that film densification and removal are two mutually limiting Peak- Notice that the vacuum Ps intensity,c) is backscattering sub-
processes causing the SICOH film thickness reduction duringacted, i.e., positive intensities are the result of Ps diffusing out of the film.

plasma treatment. A model describing the densification and E TooRe lpore luac
removal sequences during,MH, plasma treatment is pro- Sample (keV) (n9 (%) (%)
posed as follows:
As-dep 0.55 17.8 10.3 6.8
(1) There is an immediate surface film densification upon 1.1 17 11.7 2.8
initial exposure to the BYH, plasma, forming a dense 2.1 15.8 10.8 1.8
surface layer, thereby minimizing removal of the film 4.1 153 12.1 0.6
during this initial exposure step. 40-s plasma 0.55 26.7 16 0
(2) Formation of the dense surface layer impedes further 11 28.2 11 0
penetration of the plasma ions into the underlying po- gi g'g g'g 8
rous bulk film, thereby significantly reducing further ' ' '
, e 4.1 16.8 10.4 0
film densification. _ _ _ 80-s plasma 0.55 26.2 15 0
(3) The dense surface layer is thinned as physical bombard- 11 14 28 0
ment of the plasma ions becomes more dominant. 21 18.1 6.8 0
(4) As the dense surface layer becomes thinner due to physi- 3.1 17.5 11.6 0
cal bombardment, plasma ions are able to penetrate 4.1 16.6 14.5 0
through the dense layer, causing further film densifica- 160-s plasma 0.55 29.2 18 0
tion. 11 18.1 1.9 0
(5) Repetition of steps 2—4 where an equilibrium between 2.1 18.1 8.3 0
densification and film removal is achieved. 31 17.5 11.6 0
4.1 16.8 15.4 0
Both densification and physical bombardment processes in 320-s plasma 055 216 1.9 0
the proposed model cause film thickness reduction. The rep- 11 22.4 1.2 0
etition of steps 2—4 leads to a continuous film thickness re- 21 12.411 12; ?)

duction with plasma treatment time, as shown in Fig. 3. This
proposed model suggests that the dense surface layer has a
relatively stable thickness as a function of plasma treatment
time and a higher RI while the underlying bulk film remains ~ First, the part of PALS spectra 50 ns away from the
unchanged. Data shown in Figs. 1 and 2 agree with the prdPrompt peak is fitted using the widely used spectrum analysis
posed model. The slight increase in the top dense layer Rarogram,PosrFIT*® This fitting focuses on the Ps lifetime
with treatment time from 40 to 160 s and the thicker densecomponents of large poréssorg and Ps in vacuunintrin-
surface layer after the 40-s treatment suggest that the densic lifetime of ~140 ng and their intensitylporg lvac)- The
fication process is not complete in the first 40 s of the pro+esults using this fitting method are presented in Table I. By
cess and progresses further with time. The slight increase igtandard definition, pores can be divided into micropores
surface layer density with plasma treatment time shown irwhose diameter is less than 2.0 nm and mesopores if their
Fig. 5 also indicates continuous film densification with time.diameter is greater than 2.0 nm. The 15-18-ns Ps lifetime
from the as-deposited and treated films corresponds to
spherical pores of 1.6—1.75 nm in diameter. These pores
should be considered as micropores. The stable Ps lifetime
PALS is a proven technique in analyzing the pore charand fitted intensity(~11%) of these micropores versus im-
acteristics of lowx dielectrics:**® Positronium(P9 is the  plantation energy indicates that the as-deposited film is ho-
bound state of an electron with its antiparticle, positron.mogenous. The presence of excess vacuum Ps intensity for
PALS utilizes the reduced lifetime of Ps while trapped inthe as-deposited film indicates that some Ps formed in the
open-volume sites to measure the pore size. In this workfilm escape into vacuum, suggesting some degree of pore
PALS analysis was used to investigate the pore characterigaterconnectivity. In contrast, the NH, plasma-treated films
tics of both the as-deposited SiCOH film and films treatedshow zero Ps escape, indicating a sealed surface after the
with 40-, 80-, 160-, and 320-s JNH, plasma time. PALS treatment. At lower positron implantation energi@eorre-

spectra were acquired with positron implantation energies 0§ponding to shalloweln), the intensity of large micropores is
0.55, 1.1, 2.1, 3.1, and 4.1 keV. For a nominal film densityfound to be significantly lower for the plasma-treated films
of 1.09 g/cn, these implantation energies correspond tocompared to the as-deposited film. All films have similar Ps
mean positron implantation deptlils) of about 10, 29, 82, lifetime and intensity of large micropores at deep implanta-
155, and 245 nm into the film, respectively. The presence ofion depths. This clearly indicates pore collapse and densifi-
the top dense layer after,\H, plasma treatment will result cation in the surface film after plasma treatment while the
in a slightly shallower positron implantation depth into the pore characteristics of the underlying bulk film remains
films. These different positron implantation energies allowlargely unchanged.

depth-profiling film pore characteristics and studying pos-  To reveal the complete Ps components and intensities,
sible film inhomogeneity. POSFITwas then used to fit the entire spectrum including the

B. Pore characteristics
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TABLE Il. PALS results of fitting the entire spectra. Only the three relevant micropore Ps lifetimes are quoted.
The sum of the intensity of the two longer lifetimes, corresponding to the larger pores, is presented in the final

column.
E Depth 7'1 I1 T T3 (PN
Sample (keV) (nm) (n9 (%) (ng (ng (%)
As-dep 1.1 29 2.5 1.1 7.6 13 21
2.1 82 1.7 4.3 7.3 13.6 19
4.1 245 0.9 8.2 4.9 13.7 19.7
40-s plasma 1.1 29 1 8 0 9.2 3.7
2.1 82 1.3 7 7.5 15.3 9.6
3.1 155 1.1 9 5.6 14.7 15.2
4.1 245 0.9 9.6 4.9 14.9 17.6
80-s plasma 11 29 1.1 5.7 0 9.2 4.1
2.1 82 1.3 6.9 7.2 15.9 12.3
3.1 155 1 9.8 52 15.7 18.9
4.1 245 0.9 8.4 5 15.8 20.1
160-s plasma 11 29 1.3 3.3 0 9.6 4.5
2.1 82 1.4 6.4 7.8 16.8 14
3.1 155 1 9.8 5.2 15.7 18.9
4.1 245 1 8.4 4.8 16.3 20.1
320-s plasma 1.1 29 1.3 2.1 0 9.6 3.7
2.1 82 1.4 6.3 7.4 17.7 13.5
3.1 155 1 8.1 5.2 16.8 19.9
4.1 245 1 7.9 5.7 17.2 19.5

prompt peak. The three relevant lifetimes associated with Pihe top dense layer is calculated to be 69, 53, 42, and 58 nm,
in micropores of different sizes and their intensities are prerespectively, for treatment times of 40, 80, 160, and 320 s.
sented in Table Il. The as-deposited film and treated films allhese values are in reasonably good agreement with those
have three Ps lifetimes centered at approximatelyl.2 ns, determined from optical measurements.

7,=6.0 ns, ands=15.0 ns, respectively. Figure 6 shows the The pore size distribution§PSDs of an as-deposited
total intensity of pores with two longer micropore Ps lifetime film and the N/H, plasma-treated films were then deduced
components|,.,s, as a function oh for various films. The using a continuum fitting progranconTiN, and a hypoth-
effect of a surface dense layer is clearly evident from muctesized Ps trapping mechanisiti.’ Figure 7 compares the
reduced l,.5 at lower imp|antation depthsl The effective PSD of an as—deposited film with the PSD of a film after 40-s
thickness of the top dense layer can be estimated from thelasma treatment with a positron implantation energy of
density-thickness product when the intensity of large mi-4.1 keV, which corresponds to deep implantation into the
cropores reaches half of the bulk film, or approximately 1094ulk film. Both films have pores ranging in sizspherical
intensity in Fig. 6. Assuming a film density of 1.0 g/&rthe ~ diameter model assumedrom about 0.4 to about 2.0 nm
product of density and thickness of the top dense layer i¥ith much of the porosity derived from pores with diameter
130, 95, 80, and 80 nm g/&nrespectively, for 40-, 80-, centered around 1.6—1.7 nm. The similar PSD between these
160-, and 320-s W H, plasma exposure time. Using density two films shows that the pore structure underlying the top
values of the top dense layer given in Fig. 5, the thickness oflense layer remains largely intact during/N, plasma ex-

posure.
25
0.20
- 20 —8— As-deposited
3_5 0.16 | | —~—40 s plasma
% 15¢
K -
3 g o2}
T 0} —e— As-deposited S
1 —&—40-s plasma = o008 |
& —m—80-s plasma 2
_g 5t —— 160-s plasma <
- 320-s plasma 0.04 }
0 e "
0 50 100 150 200 250 300 0.00 . . . .
Mean Positron implantation depth (nm) 0.0 05 1.0 1.5 20 25

Spherical Pore Diameter (nm)

FIG. 6. The intensity of the larger microporés.,) from five-lifetime fit-

ting as a function of mean position implantation depth, given in Table Il. FIG. 7. The pore size distribution of an as-deposited SICOH film and a film
The top dense layer thickness can be estimated when intdpgjtseaches  after 40-s N/H, plasma treatment determined from the continuum spectra
50% of the undamaged bulk film, or approximately 10%. fitting.
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C. Surface roughness, chemical bonding structure,
and chemical composition )

Changes in lows SiCOH film surface roughness were . ; .
studied using AFM to characterize the impact of thg/ N, 3500 2500 1500 500
plasma. The as-deposited film has a very smooth
surface with a rms surface roughness of 0.41 nm from a
10X 10-um? AFM scan. The rms surface roughness in-FIG. 9. FTIR spectra of an as-deposited SiCOH film and a film after etch
creases to 2.72 nm after etch due to the exposure of poro@gd fims after N/H, plasma treatments.
bulk film. Films after etch were then exposed to a/N,
plasma treatment followed by AFM examination. Figure 8weak Si—H stretching peak at2100 cm?! suggests that
shows the rms surface roughness of the films after differentnost H atoms in the film exist in the form of CHbonds.
plasma treatment times. Film surface roughness becoméd#eak intensities normalized to the dominant Si—O stretching
higher after a 40-s plasma exposure compared to the postetpleak are used in this work to present the relative peak inten-
condition. However, the rms roughness gradually decreasesities. There are no Si-OH or H-OH peaks in the as-
with increasing plasma exposure time. The measured changkeposited or postetch films, indicating the hydrophobic na-
in surface roughness with plasma treatment time agrees witture of these films. After BV H, plasma treatments, the films
the proposed model of film densification and removal seshow distinct differences in FTIR compared to the as-
quences. The initial increase in surface roughness after 40¢eposited and postetch films. The appearance of a wide peak
plasma treatment is thought to be caused by nonuniform loeentered around 3360 chis associated with the Si—OH
cal film shrinkage during the densification-dominant initial bond and indicates a significant increase in film moisture
plasma exposure stage. Once the initial dense layer isontent after plasma treatment.
formed, the densification process slows down while the film  Figure 10 shows the relative Si—OH intensity in the film
removal process due to physical bombardment of the plasmeersus plasma treatment time. The significant increase in
ions becomes more dominant. The physical bombardmenhoisture content after theJMH, plasma treatment is thought
process then tends to smooth the film surface by removingp be one of the main causes efincrease, which is dis-
the spikes faster than the recessed areas. Figure 8 also indussed in Sec. Ill D. The relative intensities of Si—Caihd
cates that the film surface roughness tends to stabilize as tie-H, peaks of the films before and after,NH, plasma
plasma treatment time increases. It is suggested that as theatment are shown in Fig. 11. Lower relative intensities of
film densification and removal cycles proceed, an equilibthese two peaks after plasma exposure suggest significant
rium between these two mutually limiting processes will becarbon depletion in the affected film. The chemical compo-
reached and thus the film surface roughness remains rela-

Wavenumber {cm™)

tively unchanged. 0.20

Chemical bonding structures of the films before and after
N,/H, plasma treatment have been investigated using FTIR. 015 | °
Figure 9 shows the FTIR spectra of films after various pro- g
cesses including deposition, etch only, and etch followed by g ool
N,/H, plasma treatments. There is no notable difference be- 6 ) ® 9 .
tween the FTIR spectra of an as-deposited film and a film s
after etch. The dominant Si-O stretching peak at R |
~1047 cm? suggests the Si—O network skeleton of this film.
The Si—O shoulder peak at1130 cn! is associated with 000 &

0 100 200 300 400

the Si—O cage structures that are common to porous organo-
silicate glass-type thin film¥'° Peaks of Si—CH at

~1274 cmi* and C-H, stretching at~2973 Cn”_Tl indicate kg, 10. FTIR[Si—OH]/[Si—0] intensity ratio of SICOH films after N H,
the incorporation of methyl groups in the oxide. The veryplasma treatment vs treatment time.

Treatment time (s)
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FIG. 11. FTIR[Si—CH,]/[Si—O] and [C—H,]/[Si-O] intensity ratios of FIG. 13. _The diele_ctric constant of SICOH films afteg_/lle_ plasma treat-
SiCOH films after N/H, plasma treatment vs treatment time. ments with and without a 300 °C thermal anneal ip fight before «
measurements.

sition of an as-deposited film was determined using RBS and ) o )

HFS as: 19% Si, 18% C, 31% O, and 32% H. The chemicafl) formation of a top layer with higher density ard/alue,
composition depth profiling of the PECVD SIiCOH film after (2) increasing top dense layer to underlying bulk layer
320-s N/H, plasma treatment was examined using SIMS. thickness ratio as the densification-removal cycles pro-
Figure 12 shows the atomic ratio of elements C, O, and H to_ c€€d, and , _ _

Si in the film as a function of film thickness. Reduction of (3) moisture absorption of plasma-damaged SiCOH film.
C/Si element ratio is clearly seen at the film surface, verify

) : . "Among these factors, the first one can be considered a
ing carbon depletion after MH, plasma exposure. Since

densification-driven process while the second one can be

”.‘0?"‘ H at;mf n t.he|_:‘|lm etX'S: n thlzfgrm of C?%Q?d’ a  considered as mainly a physical-bombardment-driven pro-
similar reduction in 1 content wou'ld be expected 1 N0 €X- oo g for the first factor, the surface film densification

ternal H was introduced into the film. Moisture absorption rocess during plasma exposure creates a top layer with

after plasma treatment and the penetration of H ions from thEigher density andt value than the underlying bulk film. The

plasma into the film probably balanced the H loss and main-
tained the H level in the surface film. The increase of O/Sipresence of such a top layer makes the ovarailue of the

tio in th ; flm is likel d by the ab i fplasma—treated films higher than the as-deposited film. The
ratio in the surtace fim IS ikely caused by the absorplion olge.,ng factor is more significant for longer plasma treatment
moisture into the film as well.

time where a significant part of the plasma treatment is in
film densification-removal cycles after the initial film densi-
fication phase. Once an equilibrium between film densifica-
tion and removal is reached, the top dense layer thickness
The dielectric constants of the PECVD SiCOH films remains relatively stable while the underlying bulk film
were determined from th€-V characteristics of MIS ca- thickness keeps decreasing with treatment time. The overall
pacitors. Both the as-deposited and postetch films hawe a film « value increases with the increasing thickness ratio of
value of 2.5, indicating negligible etch impact on thealue.  the top dense layer to the underlying bulk layer. In addition
Figure 13 shows thex value of etched films after MH,  to a higher density, the top dense layer is also chemically
plasma treatments with and without a 300 °C thermal annealltered. The N/H, plasma attacks the Si—GHbonds in the
in N, before k measurements. As shown in the figuee, film and creates a considerable amount of dangling bonds,
becomes higher upon exposure to the/l, plasma and converting the hydrophobic film surface to hydrophilic. As a
continues to increase with the exposure time. Skchn- result, atmospheric moisture diffuses into the damaged
creases of the films after JAH, plasma exposure can be SiCOH film and causes the value to increase. The signifi-
attributed to three main factors: cant « reduction with thermal anneal, as shown in Fig. 13,
clearly indicates the contribution of moisture absorptior to
0.18 increase.
Of the above three contribution factors#ancrease, the

D. Dielectric constant and leakage current

. 1014 . first and second ones are driven by the film densification and
E Jo10 removal processes during,NH, plasma exposure, respec-
:-é _g tively. Both densification and removal processes directly
g 1006 § cause a film thickness reduction. By minimizing the moisture
® 0.02 < content in the film, thus minimizing the third increase fac-
tor, there should be a strong correlation betweencrease
-0.02 and film thickness reduction. The value and thickness re-

0.00 0.05 010 0.15 0.20 0.25 0.30

duction of SICOH film after N/H, plasma exposure are
Depth {(micron)

compared and presented in Fig. 13. Thafter thermal an-
FIG. 12. The atomic ratio of elements C, O, and H, to Si of a SICOH film _neal Correl_ates well .W'th _f'lm th'CknesslredUCt'onv _Wh@fe.
after a 320-s B/ H, plasma treatment as a function of film thickness. increases linearly with thickness reduction. Assuming a lin-
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107 reduce the kinetic energy of plasma ions is to reduce or avoid
P any applied dc bias during plasma treatment that would ac-
£ 10° celerate the plasma ions towards the wafer. Use of a higher
% (00e0ROSS e masippasep b process pressure during plasma treatment can also reduce the
T 107 fe kinetic energy of plasma ions. However, photoresist removal
g _e— Post-etch efficiency using N/H, plasma may suffer from a lower ki-
§ 101 Iggzg:::mg netic energy of plasma ions. As a result, a balance between
3 —&— 160 s plasma low-« film damage and photoresist removal needs to be con-
101 A N —e— 320 s plasma sidered.
00 02 04 06 08 10
Electric field (MV/cm) IV. CONCLUSION
F_IG. 14. Current-density—electric-field—E) curves of SiCOH films after RIE-type N,/H, plasma damage to a porous PECVD
different N,/H, plasma treatments as compared to a postetch film. SIiCOH film with ax of 2.5 has been studied. A dense layer

that provides good sealing on top of the underlying porous

ear fit, x is found to be very close to 2.5 at zero thicknesspy|k film, which remains largely intact, is formed after the
reduction, further indicating that film densification and re- plasma exposure as a result of surface film densification. The
moval are the two main driving forces of film increase |ow-x SICOH film showed significant damage after plasma
after plasma treatments. exposure including thickness reductianvalue increase, and

The impact of plasma treatment on film leakage currenfeakage current increase accompanied by an increase in den-
has been studied by measuring the leakage current of MiSity, pore collapse, carbon depletion, and moisture content
capacitors using a mercury probe system. Figure 14 showgcrease in the top dense layer. Surface film densification and
the current-density—electric-fieldJ—E) characteristics of yemoval processes were found to both play significant roles
SICOH films after plasma treatment compared to a postetcfy SiCOH film damage. A film thickness reduction model
film. No sample received thermal anneal before the leakaggcluding surface film densification and removal as two mu-
current tests. The higher leakage current of plasma-treategially limiting processes were proposed. Surface densifica-
films Compared to the pOStetCh film indicates Significant ﬁlmtiOh, moisture absorption, and increasing top dense film to
insulating property degradation. Moisture content increase ifynderlying bulk film thickness ratio are identified as the three
the film after plasma treatment is thought to be the mairyriving forces forx increase of the porous SiCOH film upon
cause of leakage current increase. The film treated witlxposure to reductive MH, plasma.
320-s plasma shows a significantly higher leakage current
than the other plasma-treated films. This is in good agree-+w. Lee and P. Ho, MRS Bull22, 19 (1997.

ment with the film moisture content observed from the FTIR 2K~dMaex. M. R. B?(klanovy D. ?ha?iryan, F. zacor:;i, S. H. Brongersma,
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