1186 Journal of The Electrochemical Society7(3) 1186-1192 (2000)
S0013-4651(99)08-022-2 CCC: $7.00 © The Electrochemical Society, Inc.

Improvement on Intrinsic Electrical Properties of Low-k
Hydrogen Silsesquioxane/Copper Interconnects Employing
Deuterium Plasma Treatment

Po-Tsun Liu,2* Ting-Chang ChangP¢** 2 Ya-Liang Yang.® Yi-Fang Cheng? Jae-Kyun Lee¢
Fu-Yung Shih £ Eric Tsai,® Grace Chen®and Simon M. Sz&°¢

aDepartment of Electronics Engineering and Institute of Electronics, National Chiao Tung University, HsinChu 300,
Taiwan

bDepartment of Physics, National Sun Yat-Sen University, Taiwan

“National Nano Device Laboratory, HsinChu 300, Taiwan

dinstitute of Materials Science and Engineering, National Chiao Tung University, HsinChu 300, Taiwan

€Dow Corning Taiwan, Incorporated, Chungli, Taiwan

The interaction between copper interconnects andclbydrogen silsesquioxane (HSQ) film was investigated using a Cu/HSQ/Si

metal insulation semiconductor capacitor and deuterium plasma post-treatment. Owing to serious diffusion of copper atoms in
HSQ film, the degradations of dielectric properties are significant with the increase of thermal stress. The leakage aurrent beh

ior in high-field conduction was well explained by the Poole-Frenkel (P-F) mechanism. By applying deuterium plasma treatment

to HSQ film, however, the leakage current was decreased and P-F conduction can be suppressed. In addition, the phenomena of
serious Cu penetration were not observed by means of electrical characteristic measurements and secondary ion mass spectroscopy
analysis, even in the absence of diffusion barrier layers. This indicates that copper diffusiok H3@Wfilm can be effectively

blocked by deuterium plasma post-treatment. Therefore, further improvement in resistance-capacitance reduction can be obtained
due to the minimized thickness requirement for conventional barriers such as inorgdpEn8i metallic TaN layers.
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As ultralarge-scale integrated (ULSI) circuits are scaled downglectric constant (for §\,), which cause a higher via resistance and
interconnect structures with two or more metal levels have becomhbigher equivalent parasitic capacitance. For example, the resistivity
the dominant tendency to produce high-density circuits and enhanaef Ta is 146 pQcm, and that of TaN is 275 pfm. According to
device performance. In these designs, the linewidth and spacings beluanget al.l® the ranges on measured sheet resistance qfrf.3
tween metal interconnects also are made smaller. The smaller lin@u interconnects using Ta and TaN as a barrier are from 0.04 to
dimension increases the resistivity of the metal lines and the na©.05 (/0. The sheet resistance of Cu interconnection is about
rower interline spacing increases the parasitic capacitance betwe@&n048()/C1 and almost no difference between the use of Ta and TaN
the lines so that copper with low resistivity (1.67 @ for bulk) as a barrier. However, the via resistance of the cladding structure
and high electromigration resistance and new interlayer dielectrivith TaN barrier is about 1.2 in a thickness of 400 A and higher
(ILD) materials with low-dielectric constar € 3) are required to  than that with Ta (1.0) barrier. These barrier layers would tend to
reduce the resistance-capacitance (RC) delays associated with tttee increase in the RC delay and offset partial advantages of the cop-
metal interconnect systehThese candidates for lowdielectric per interconnect system. In the search for a high-performance met-
films12 have been based either on spin-on depositorchemical allization system, it is necessary for the enhancement in the resis-

vapor deposition (CVDj.One of the most promising lowmateri- tance of lowk dielectrics to copper diffusion to minimize the thick-
als is siloxane-based hydrogen silsesquioxane (PiSRgving the ness requirement for conventional barrier layers.
general formula (HSig,),, n = 2, 3, etc., available as flowable In this work, we have investigated the influence of copper on the

oxide (FOX) from Dow Corning, Inc. HSQ is an inorganic material intrinsic dielectric properties of lok-HSQ film. Leakage current
that can be considered as a derivative of,$i0Owhich one of the  behavior also was intensively studied, since a relatively high electric
four oxygen atoms bonded to every silicon atom is replaced by hyfield may be produced even for a low applied operation field in deep
drogen. This class of inorganic spin-on dielectric has a low dielectrisubquarter micron interconnection devices. In addition, deuterium
constant (about 2.8), available non-etchback process, planarizatiopJasma post-treatment was applied on HSQ film for the first time
and good gap-filling characteristi®4? Furthermore, the low dielec- instead of conventional high-resistivity or high-dielectric-constant
tric properties can be achieved if the density of Si-H bonding isbarrier layer minimizing the increase in RC delay in order to obtain
maintained at a high level and the formation of -OH bonds and aba better performance in the copper interconnect system.
sorption or creation of water in the film is minimizetL Therefore, .
the integration of HSQ film as an interlayer dielectric (ILD) into Experimental
multilevel interconnects has received much atterifolt. However, The wafers were spin-coated with a single layer of flowable oxide
the use of copper interconnects has some issues in integrated circ(itSQ) and baked sequentially on a hot plate at 150, 200, afi@,300
(IC) application, because it is easy to diffuse into the dielectric filmsfor 1 min, followed by furnace curing at A& for 1 h in nitrogen
to degrade the reliability. For this reason, copper interconnectatmosphere. Under each condition, film stress, shrinkage, refractive
formed by damascene process need the deposition of some convenelex, and IR absorption spectra were evaluated. Then, samples were
tional barrier layers such as inorganighNgiand metallic TaN layers treated with deuterium plasma on as-cured HSQ film. The deuterium
at the interface between dielectric films and copper lines, forming glasma was operated at a pressure of 300 mTorr and with a deuteri-
cladding structure to prevent Cu from penetrating through dielectriazim gas flow rate of 300 sccm in a plasma-enhanced chemical vapor
films. These barrier layers usually have high resistivity or high di-deposition (PECVD) reaction chamber. Radio frequency (rf) power
of 100 W, which established the deuterium plasma, was applied to the
* Electrochemical Society Student Member. upper electrode and the wafers were p_Iaced on the _botto_m by ground-
** Electrochemical Society Active Member. ed electrode, which can be rotated for improving uniformity, at a sub-
Z E-mail: tcchang@ndl.gov.tw strate temperature up to 30 Metal insulation semiconductor ca-
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pacitos (MIS) were manufactured by sputtering a copper layer ontaccompaed with those of the Al gate. However, the dielectric degrada-
the HSQ film as the top electrode. Following copper deposition, samtions of HSQ film worsen with increase in annealing temperature.
ples were annealed at the temperature region of 42%56030 min Figures 3a and b show the leakage current density and dielectric
in nitrogen atmosphere. A Keithley model 82 capacitance-voltageonstant of Al- and Cu-gate samples, respectively, after being sub-
(CV) meter was used to measure the dielectric constant of the HS{@cted to elevated thermal stress at 800Vhen annealing HSQ films
film. The capacitor was measured at 1 MHz with an ac bias for highat 500C, the HSQ film properties are degraded due to the pyrolysis
frequeny capacitance-voltage (C-V) curves. The midgap interfaceof the HSQ film. During thermal stress, Si-H bonds in HSQ film are
density D;;) was derived from high-frequency C-V and quasi-static easiy broken at the elevated annealing temperature, which causes the
C-V measurements. Leakage current-voltage (I-V) characteristicgeneration of dangling bonds and moisture absofBtfdrin the

and secondary ion mass spectroscopy (SIMS) analysis of HSQ filliSQ film invariably resulting in the increase of leakage current and

was used to investigate the diffusion of copper. permittivity for the Al-electrode samples. In addition, it is observed
that the leakage current density of HSQ with a Cu gate is much high-
Results and Discussion er than that with an Al gate, with an increase of as much as one order

of magnitude, especially in the high-field-conduction region. On the
other hand, the dielectric constant of the Cu-electrode samples is also
fhcreased drastically. This seems to indicate that Cu diffusion may
play a role in the degradation of HSQ film as well. According to pre-
vious document&®19it has been verified that copper tends to diffuse
into silicon dioxide to degrade the dielectric properties resulting in
increased leakage current. Therefore, it is presumed that the increased
leakage current of Cu-electrode samples results from copper diffu-

Figure 1 shows Fourier transform infrared (FTIR) spectra of
HSQ film before and after a series of baking and curing steps. Th
important regions in the FTIR spectrum of HS@nfare the S-H
stretching peak near 2250 ¢t a Si-O stretching cage-like peak
near 1130 cml, a Si-O stretching network peak near 1070 &ém
Si-O bending cage-like peak near 863 ¢mand a Si-O bending net-
work peak near 830 cmd. Most of solvent is eliminated up to
150°C,then HSQ film melt at 200°C baked temperature. At 300°C
balked temperature, flow occurs and additional bond rearrangemei
gives film greater strength to resist cracking and decreased surfa
roughness® During the baking process, the FTIR spectra of HSQ (@)

X 10+
are almost the same. After a 40Ccuring process, however, the peak
of the Si-O stretching vibration and that of the bending vibration sig: —e— Al-gate
nificantly change. It is clearly shown that the chemical structure of — 10% | —®— Cu-gate
HSQ film changes from cage-like to a three-dimensional network £
structue to provide sufficient mechanical integrity to withstand sub- :("3
sequent processing. - 10*
First, contol samples were fabricated following the same pro- B
cessing sequence of Cu/HSQ/Si capacitors except that an Al ga §
instead of Cu metallization was used to investigate the impact of coy = 107 b
per on low-kHSQ film. Figures 2a and b shows the leakage curren ]
density and dielectric constant of Al- and Cu-gate samples, respe (‘:J':
tively, after being subjected to a thermal annealing at @26t o 10° |
30 min. Experimental results show that both the leakage current dei E
sity and dielectric constant of Cu gate samples are increased wh ©
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Wave number (cm“) Figure 2.Dielectric properties of Cu- and Al-gate samples after being sub-

jected to thermal stress at 425°C for 30 min: (a) leakage current density of
Figure 1. FTIR spectra of HSQ before and after a series of bake and curinglSQ film as a function of electric field and (b) dielectric constant of Cu- and
steps. Al-gate HSQ film.
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sion into the siloxane-based HSQ film. This inference can be conincrease of annealing temperature due to serious degradation of di-
firmed further by the analysis of SIMS depth profiles and the investi-electic properties resulting from thermal stress and copper diffusion
gation on the mechanism of leakage current conduction. into the HSQ film. Leakage current behaviors of HSQ film with the
Figure 4 shows the SIMS depth profiles of copper in HSQ film of Cu gate can be investigated further on the leakage current (J)-elec-
Cu-electode samples after being subjected to a thermal stress at 42fc field (E) characteristics such as a log Jeg.Eand log J vs. &2
and 500°C for 30 min. The copper profile shows a high level of copplots,as shown in Fig. 6a and b, respectively. At the low electrical
per is observed at the surface of the HSQ film and an exponentiafield region, the leakage current density is nearly linear to applied
like decay in the HSQ bulk. In addition, it is observed that the copfield. The slopes of the linear fitting curves are 1.10, 0.901, and
per content in the HSQ film is increased with the increase of anneaB.962 for samples stressed at 425, 450, and 500°C, respectively, in
ing temperature. the logJ vs.log E plot. The linear lines represent the nearly ohmic
The variations in electrical characteristics of HSQ film with the conduction in low electric field, as shown in Fig. 6a, and little
increase of thermal stress can be summarized in Fig. 5a and b, whiamnange in current density with a change of electrode from Cu to Al.
shaws the leakage current density and dielectric constant of Al- and’hese results seem to suggest that the leakage current conduction is
Cu-gate samples after being subjected to thermal stresses rangipgmarily governed by bulk-limited conduction. The bulk-limited
from 425 to 500°C, respectively, for 30 min. In comparison with Al- conduction is due to the presence of a large amount of defects in
electode samples, it is obvious that the pyrolysis of loWSQ and  films. To confirm this point of view, the plot of the leakage current
Cu diffusion simultaneously play important roles in the case of Cu-densityvs.the square root of the applied electric field was observed,
electode samples. Both the leakage current and dielectric constaris shown in Fig. 6b. It is found that the leakage current density is lin-
of HSQ with the Cu electrode are significantly increased with theearly related to the square root of the applied electric field. The lin-
ear variations of the current correspond either to Schottky emis-
siorf%2Lor to the Poole-Frenkel (P-F) mechan&m3
(a) The Schottky-Richardson emission generated by the thermionic
effect is caused by electron transport across the potential energy bar-
rier via field-assisted lowering at a metal-insulator interface. The
current density (J) in the Schottky emission can be quantified by the
following equation

10

—e— Al-gate
—&— Cu-gate

10
O

E1/2 _
J= A*T2 eXpEBS = d)SH [1]
E B

whereB, = (e¥/4mege)??, eis the electronic charge, the dielectric
constant of free spacethe high-frequency relagvdielectic con-
stant,A* the effective Richardson constamtabsolute temperature,

E applied electric fieldg the contact potential barrier, ang the
Boltzmann constant. The P-F emission is due to field-enhanced
themal excitation of trapped electrons in the insulator into the con-
duction band. The current density is given by

EBPFEl/z — ¢‘F’FD [2]
ks T
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Figure 3.Dielectric properties of Cu- and Al-gate samples after being sub- Depth (nm)

jected to thermal stress at 500°C for 30 min: (a) leakage current density w

HSQ film as a function of electric field and (b) dielectric constant of Cu- andFigure 4.SIMS depth profiles of Cu in HSQ film of Cu/HSQ/Si capacitors
Al-gate HSQ film. after being subjected to thermal stress at 425-500°C for 30 min.
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whereJ, = o(E is the low-field current densityr, the low-field (a)
conductivity,Bpr = (€%/mege)?, anddprthe height of trap potential 10+
well. For trap states with coulomb potentials, the expression is vir
tually identical to that of the Schottky emission. The barrier height,
however,s the depth of the trap potential well, and the quantity B
is larger than in the case of Schottky emission by a factoPdf 2.
Distinction between the two processes can be dgremparing 10
the theoretical value @ with the experimental one obtained by cal-
culating the slope of the curve log 34 The relative dielectric con-

425°C thermal stress
105 | = 450°C thermal stress
500°C thermal stress

. . & 107
stant determined from capacitance measurements of samples w E
the Cu gate is about 3.1 at 425°C, 3.4 at 450°C, and 4.6 at 500°C, r <
spectively. The yield the various values of the constant 3, as shown S 10°
in Table I. The slopeB{ksT)) of the straight line portion of curve in
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4.2 |-
§ 401 Fig. 6b gives a value of 6.478 1024 at 425°C, 6.393 X1.0 24 at
2 .ql 450°C,and 5.42 x10~2* J(m/V)Y2 at 500°C for B, respectively,
S T closer to Bthan R These results are strongly reasonable to believe
o 36 that carries ae transported through the HSQ film of Cu/HSQ/Si
2 34 [ capacitos by the field-enhanced P-F mechanism. It also indicates
2 T that a lot of traps resulting in P-F conduction are generated due to
s 32t copper diffusion into HSQ film.
3.0 [ —e— Cu-gate sample From these observations, the leakage current mechanism of Cu-
I a— Al-gate sample gate HSQ film can be summarized as follows. In comparison with
28 |
L
2.6 r
24 L1 1 ' 1 Table I. The various values of the dielectric constant and the
425 450 475 500 constant at 425, 450, and 500°C.
Annealing Temperature (°C) Temperature (°C) 425°C 450°C 500°C
Figure 5. Dielectric properties of Al- and Cu-gate HSQ film after various ] ]
themal annealing temperatures (425-8Dpfor 30 min: (a) leakage current Dle"Eth/lg anStam 3.12 ” 3-4§24 4-6_224
density of HSQ film as a function of electric field and (b) dielectric constant ~ Bs (3 m*2v12) 3.43 ><10724 3.26 ><10724 2.82 ><10724
of HSQ film as a function of thermal annealing temperature. Ber (= 2Bs) 6.87 x10 6.53 X10 5.64 X10

Downloaded on 2014-04-28 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

1190 Journal of The Electrochemical Society7(3) 1186-1192 (2000)
S0013-4651(99)08-022-2 CCC: $7.00 © The Electrochemical Society, Inc.

Al-electrode samples, higher temperatures cause higher leakage cufherefore,a higher dielectric constant derived from the measure-
rents of Cu-electrode samples. This is due to an enhancement ment of MIS capacitors would be obtained if the effect of thinning
themal excitation of trapped electrons in the HSQ film. Under high-in effective thickness were not considered.

er thermal stress, large amounts of copper will diffuse into HSQ film  To alleviate this degradation, we applied deuteriury) {Pasma

and generate a lot of trap centers in HSQ film with the increase ofreatment on the as-cured HSQ film instead of a high-resistivity and
annealing temperature. In addition, the increasing Cu content in thkigh-dielectric-constant diffusion barrier layer between Cu-gate and
HSQ film tends to lower the potential drop across the surface regiork1SQ film. Figures 7a and b show the leakage current and dielectric
causing a larger fraction of applied voltage to drop across the rest @onstant, respectivelyf Dy-plasma-treated HSQ film in Cu-elec-
the HSQ film. This can be modeled as a thinning in the effectivetrode samples after subjection to thermal stress at a temperature of
HSQ thickness. The increase in electric field and the generation of25°C for 30 min. The leakage current and dielectric constant are de-
defects ie., traps) enhance the P-F conduction mechanism. As areased with the increase of-plasma treatment time. It is observed
result,the leakage current is significantly increased with the increasespecialy that the reduction of leakage current at the high-electric-
of annealing temperature when compared with that of Al-electroddield region is significant. Furthermore, more elevated thermal stress
samples. The generation of defects also speeds up the dielectricas applied on the HSQ treated with [lasma treatment to inves-
degradation of HSQ film, causing increased dielectric constant. Furtigate the effect of deuterium plasma. Figure 8a and b shows the
thermorethe thinning in the effective thickness leads to larger measieakage current and dielectric constant, respectively,gfl@ma-

ured capacitance, according to the relatios € A/dy, Where A

is the area of the top electrode alyglis the effective film thickness.
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treated HSQ film in Cu-electrode samples after being subjected tis decreased with the increase of @dasma treatment time. These
themal stress at 500°C for 30 min. Surprisingly, the leakage currenexperimental results are explained as follows. During the thermal an-
of HSQ with D, plasma treatment at the high electric field region is nealing process, the high temperature makes Cu active, possessing a
kept almost the same as that of samples wjthl&ma treatment in  considerable quantity of kinetic energy andudiing easy into the
Fig. 7a. Compared with untreated samples, a reduction in leakagsiloxane-based HSQ film. In addition, a variety of bonding destruc-
current of approximately two orders of magnitude is observed fottion and recombination occurred simultaneously, making the struc-
D,-treated samples. In addition, the dielectric constant of HSQ withture of HSQ change from cage-like monomer into network-like
D, plasma treatment still maintains at a low value (about 3) aftepolymer at the temperature higher than “@0Si and O elements
treatment time of 9 min. Therefore, it clearly shows that deuteriumplay an important role during the linking process. A great amount of
plasma treatment can effectively restore the properties of a damagenhcovered Si bonds would exist due to a small fraction of incomplete
film to a similar state as an as-cured HSQ film. recombingion of Si-O bonds and Si-H bonds broken at the elevated
A material analysis technique was carried out to observe the digemperature. The uncovered Si bonds are imperfect bondslgie.,
tribution of Cu atoms in the HSQ film. Figure 9 shows the SIMS gling bonds or defects) which would result in unstable film. In the
depth profiles of copper in HS@mh of Cu-electrode samples after absence of a diffusion barrier layer between Cu and IB\8Q film,
a thermal stress at 500°C for 30 min. Consistent with our electrizinstable dangling bonds would come in contact with Cu atoms hav-
characteristicsa significant amount of Cu atoms are observed in theing a high kinetic energy. This heightens the probability of interac-
untreated sample. Howevehe profle of the Cu in a B-treated tion with Cu and makes copper easy to diffuse through these defects,
sample revealed a very shallow Cu penetration ang arglight increasing the diffusion paths of Cu atoms into HSQ film. More ele-
amount of Cu appeared within 20 nm of the surface, even after aprated annealing temperature would significantly raise the Cu kinetic
plying thermal stress at an elevated temperature. This clearly showenergy and speed up the pyrolysis of film, generating much more
the phenomenon of copper diffusion into HSI@ fwas significant-  dangling bonds to enhance Cu diffusion into HSQ. In addition, Cu
ly reduced by deuterium plasma treatment. diffusion by way of defects in HSQ bulk forms trap centers resulting
The mechanism responsible for, Plasma treatment can be inincreased leakage current, which is increased with the increase of
explained using the electrical characteristic measurement of interannealing temperature. The degradation of dielectric properties
face trap densitylY;), which is evaluated from the high-frequency attributed to the presence of Cu would also lead to more dangling

and quasi-static C-V characterigfias follows bonds {e., higher trap density) in untreated HSI@nt D, plasma
post-treatment has been proposed to enhance the dielectric proper-
D. = Cuso U Ci/Chsg  Cy/Cusp U g ties of oxide and reduce the hot-electron degradation in metal oxide
g Eﬁ — G/Cho  1- Chf/Cquﬁ (3] semiconductor transistors due to its significant achievement on the

passivation of dangling bonds resulting in reduced interface state

whereCs,is the HSQ capacitance, which was measured with M|Sgeneratlor?.5'27S|m|!arIy, the effect of D treatment also appeared in
capacitor bias at accumulation polarity &d G, are the quasi-sta- OUr work. By applying B plasma treatment on as-cured HSQ film,
tic and high-frequency capacitance of Cu/HSQ/Si MIS capacitors@ lot of D, radicals are provided. The activg Eadicals can react
respectively. with the uncoyered Si bond§, forming passivation layers either on
All the parameters of the MIS capacitors were automatically calthe surface or in the bulk. It is thought that a porous HSQ structure
culated by computer from the data measured by the Keithley pack$ helpful for the diffusion of Bradicals with small volume. Hence,
age 82 system. Figure 10 shows the trap density of the Cu/HSQ/8¢€ trap density of HSQ films aftepplasma treatment is decreased,
MIS capacitors after applying thermal stress at 500°C. From théndlc_:{;tlng the redqctlc_)n in the concentration of dan_g_llng bonds._ In
variation in trap density, it is found that the trap density of go-D addition, the passivation layers reduce the probability of reaction

plasma-treated HSQ film is the largest. In addition, the trap densityVith Cu and effectively reduce the diffusion paths of Cu penetration
through HSQ. Therefore, the Cu content in HSQ aftgpRBsma
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Figure 9.SIMS depth profiles of Cu in HSQ film of Cu/HSQ/Si capacitors Figure 10. Interface trap density obdlreated HSQ in the Cu/HSQ/Si MIS
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treatment is much less than that in untreated HSQ, which also is con5.
6. M. J. Loboda, C. M. Grove, and R. F. Schneideiklectrochem. Socl45,2861

sistent with our SIMS data as shown in Fig. 9.

Conclusions
Dielectic degradation of Cu/HSQ/Si structure was observed at

elevated temperature stress due to copper penetration into HSQ films.

Even in absence of diffusion barrier layers, however, dielectric prop-
erties of HSQ can be maintained by@asma treatment. fplasma
treatment effectively passivates the dangling bonds exposed in the

structue of HSQ film and reduces the trap’s content, suppressing theo.
P-F conduction mechanism performed in leakage current behaviotl.

Furthermorethe passivation layer significantly blocks copper diffu-
sion at the low-kKHSQ/copper interface and effectively restores the ;,
properties of a damaged film to a similar state as an as-cured HSQ
film. The additional signal transmission delay produced from the
induction of high-resistivity or high-permittivity diffusion barriers

can be minimized when applying, [Plasma treatment associating

with rather thin barrier layer. Therefore, higher-performance opera-
tion in Cu interconnect systems can be achieved.
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