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Comprehensive Investigation on Fluorosilicate Glass Prepared by
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This study investigates the properties of fluorosilicate glass film prepared by temperature-difference-based liquid-phase deposition.
Experimental results indicate that the deposition temperature can significantly affect the deposition rate and film prspleeties.
deposition temperature increases from 15 f€3fhe deposition rate increases exponentially from 30 to 687 A/h. Meanwhile, the

F and OH contents increase from 2.56 to 3.49% and from 0.16 to 0.5%, respectively. The dielectric constants and stresses for the
films deposited at 15, 25, and °85 are 3.56/63 MPa, 3.46/43 MPa, and 3.66/73 MPa, respectively. The current densities at

2 MV/cm for the films deposited at 15, 25, andG%re 6.9x 1079, 4.6 X 1079, and 3.6 X 107 Alcm?, respectively. For the

film deposited at 2%, the dielectric constant and the stress are minimal because of the high F content, low OH content, and low
bond strain. The properties are also compared with those of fluorosilicate glass prepared by plasma-enhanced chemical vapor depo-
sition. In addition to exhibiting a lower dielectric constant and much better resistance to moisture, the film prepared by tempera-
ture-difference-based liquid-phase deposition also shows a comparable or better insulating property, revealing a reliable intermet-
al dielectric with a low dielectric constant.

© 2000 The Electrochemical Society. S0013-4651(99)04-019-7. All rights reserved.
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As device geometry scales down to 0.26 and below, the para- in terms of a low dielectric constant, low stress, high fluorine con-
sitic capacitance between closely spaced metal lines becomes impdent, low hydroxy content, and high film density. However, the
tant in terms of the resistance-capacitance time delay for devicdependency of film properties on the deposition temperature remains
switching® A novel intermetal dielectric (IMD) with a low dielectric  unknown. Therefore, this work investigated the properties for films
constant (lowk) is thus required to reduce the parasitic capacitancedeposited at 15, 25, and € The effect of 400°C furnace anneal-
Thus, conventional plasma-enhanced chemical vapor depositeithg on the dielectric constant, the stress, and the leakage current
(PECVD) oxide withk~4.3 has been gradually replaced by kow- were also studied. The properties of TD-LPD film are also compared
(k~3.5) fluorosilicate glass (FSGF The lowk (k < 3) spin-on  with those of FSG prepared by PECVD.
dielectric (SOD) is also a good candidate as a novel IMD. However, Experimental
the low-kSOD generally requires an overlying cap layer to isolate the . . -
SOD from moisture and oxygen plasifaFSG may replace con- Figure 1 depicts the flow diagram for TD-LPD process. Silica
ventional PECVD oxide to cap the SOD for further reducing the parfPowder was added to a 4 M$iFs solution and then dissolved by
asitic capacitance. In fact, a 10% reduction in parasitic capacitanceliring at 0C until the solution became saturated. After removing
has been achieved using FSG as a cap layer for & $®R. stand- the undissolved silica by filtering, the saturated solution was heated
alone IMD, FSG with a low dielectric constant, low stress, and lowt0 15, 25, or 3%, and became supersaturated. After cleaning, the
deposition temperature is desirable for achieving a good perforvafers were immersed in the solution and, then, the film was gradu-
mance and/or reliability1911 Furthermore, as a cap layer for a ally deposited onto the wafers. Thus, the differences between the
SOD, there is also a demand for deposition of the FSG without oxySolution-preparation temperature and the three deposition tempera-
gen plasma damage on the underlying $8B.FSG film prepared ~tures were 15, 25, or 36. ,
by temperature-difference-based liquid-phase deposition (TD-LPD), Next, properties of the films prepared at various temperatures
using a 4 M hydrofluorosilicic acid ¢$iFs) solution, has been pro- ~Were mve_stlgated. The thickness and the_ refractlvg index were mon-
posed to satisfy these requiremetit®esides, the film with BO !tored.usmg an elllpsometer. The chgmlcal bonding structure was
plasma annealing has been successfully applied as cap layers fgvestigated using Fourier transform infrared spectroscopy (FTIR).
low-k (k~2.8) SODs such as hydrogen silsesquioxane and methyf-:or accurate analy5|s_of the_ peak position and full width at half-max-
silsesquioxan&.The dielectric constant and the stress of TD-LPD imum (fwhm), for various films, the thickness was controlled to a
film are lower than those of conventional LPD film, which requires Small range of 3600~4000 A. The chemical etch rate was evaluated
the addition of a supersaturation initiator to silica-saturateduSing P-etch solution (HF:HN{H,O = 3:2:60). The dielectric con-
H,SiFs , 21214 Adding a supersaturation initiator indeed dilutes Stant (1 MHz) was then evaluated using a capacitance-voltagg (
H,SiF; solution, resulting in less fluorine atoms and more OH bondsMeasurement system with a metal oxide semiconductor (MOS)
incorporated into a conventional LPD film. capacitor structure. The stress~a2000 A thick film was calculated

Sakaiet al. first proposed the notion of controlling the degree of from the measured curvature based on Stoney’s equation, using a
supersaturation for the deposition solution by altering the differencd €ncor FLX-2320 instrument. The current densgyelectrical field
between the solution-preparation temperature and the depositioH'E) characteristic was studied using an HP4145B system also with

temperature, without adding any supersaturation initidtsiawa-  theé MOS structure. , . .
haraet al studied the chemical composition, the P-etch rate and the FOr comparison, a FSG film was prepared using a conventional
stress for this kind of oxide films deposited at 35 arfC6E Ac- parallel-plate electrode PECVD reactor operated at a radio frequen-

cording to their results, a higher solution temperaitee,60°C, and €Y of 380 kHz with a power level of 200 W. gWwas addegj as the
a higher HSiFs concentrationi.e., 3 M, led to a lower hydroxy con- fluorine source into tetraethylorthosilicate (TEOS)#D300°C. The

tent and higher density for the film. flow rates for Cg, TEOS, and @were 200, 10, and 400 sccm, re-
Therefore, using a 4 M §$iF, solution (without predilution) and ~ SPectively. Properties of the PECVD film were also measured or

the temperature-difference technique proposed by Sakdi, TD-  extracted as described above.

LPD film is highly promising for future multilevel interconnection Results and Discussion
* Electrochemical Society Student Member. Results in this study demonstrate that, in using the TD-LPD
2 E-mail: cfyeh@cc.nctu.edu.tu method, the film can be formed by raising the deposition tempera-
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cording to the table, as the temperature increases from 15 to 25°C,
( Silica-saturated H281F at 0 °C ) the peak position increases from 1094.5 to 1098.7 cimowever,
6 the fwhm decreases from 74.5 to 54.7 ¢mNevertheless, as the
temperature further increases to 35°C, the peak position decreases to
I 1094.9 cm?, while the fwhm slightly increases to 55.7 cThe
Heated to 15’ 25 or 35 °C peak position and the fwhm do not change monotonically with an
‘ increasing temperature. This finding implies that two or more factors

affect the chemical bonding structure during the temperature
changes. In fact, the peak position can shift to a lower W&\%enumber
ays . for the film with more bond strains, leading to a greater .
( Slllca-supersaturated HZSIF6 ) contrast, for the film with more fluorine atoms incorporated, the
peak position can shift to a higher wavenumber, and the fwhm be-
comes smalle}® Presumably, the bond strain and fluorine atoms in
= the film dominate the changes in the peak position and the fwhm.
Si substrate | The content for Si-F bond (F content) or Si-OH bond (OH con-
tent) is further evaluated by dividing the integrated area for the Si-F
peak or the Si-OH peak, respectively, by that for the Si-O-Si stretch-
ing peak. According to Fig. 3b, both contents obviously increase
1t i with increasing temperature. The F content is 2.56% for the film
( DBPOSltl()B of TD-LPD FSG ) deposited at 15°C; it further increases to 3.37 and 3.49% for the
films deposited at 25 and €5 respectively. This study also meas-
Figure 1. Flow diagram for TD-LPD process. ured the F concentration by X-ray photoelectron spectroscopy (XPS)

ture higher than the solution-preparation temperatth@C). Be-

sidesthe deposition rate depends on the temperature, but not on ti — i-0-Si

deposition time. According to Fig. 2, the rate increases nearly expc DT |Peak Position] FWHM [ Stsl‘:atct):l'ﬁ:lg

nentially with an increasing temperature. Therefore, the rate can b 35 1094.9 55.7

contmolled well within 30~1200 A/h, corresponding to the tempera- 25 1098.7

ture range of 15~40°C. From the relationship between the rate ar 15 1094.5

the temperature, an activation energy of 1.13 eV is obtained. Accorc X

ing to a previous investigation, the faster the deposition rate implie Si-OH

a lower likelihood tha the atoms reach their lowest energy state anc

the densest structure. Thus, the resulting films can be quite porot

with a significant amount of bond strain in the filf{ herefore, as 25°C

expectedthe exponentially in@ased rate significantly affects the

film density and the bond strain. 15°C
Figure 3a presents the FTIR spectra for the films deposited at 1! 1 L 1 1

25, and 35C, indicating that they resemble each other in this scale 4000 3280 2560 1840 1120 400

The peaks at approximately 457, 805, and 1100%came attributed

35°C

Absorbance (a.u.)

to rocking, bending, and stretching vibration for Si-O-Si bonds, re- Wavenumber (cm™')
spectively Peaks at 932 cnt are due to Si-F bonds. The faint peaks
around 3680 cmt are a consequence of Si-OH bor#Fhese find- (a)

ings reveal that the films are all FSG films with low hydroxy contents.

The peak position and the fwhm associated with Si-O-Si stretch
ing vibration were further investigated and summarized in the inse
table in Fig. 3a, where DT denotes the deposition temperature. Ac
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Deposition Temperature (°C) Figure 3. (a) FTIR spectra for films deposited at 15, 25, and 35°C. The inset
table shows the position and thehfw for the Si-O-Si stretching peak. (b) F

Figure 2. Deposition rate as a function of deposition temperature. content and OH content as functions of deposition temperature.
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for comparison. The F concentration for the films deposited at 15 1.435 40
25,and 35C are 7.0, 8.6, and 8.%am %, respectively. The increas-
ing tendency of the F concentration with temperature resembles th
of the F content determined by FTIR. Besides, the F concentratio
for the films prepared by TD-LPD is higher than :&52 atom %

for the films prepared by conventional LPH2%210bviously, TD-
LPD is an effective means of incorporating fluorine atoms into the
films. On the other hand, the OH content is 0.16 or 0.17% for TD-
LPD films deposited at 15 or 25, respectively. However, the OH
content significantly increases to 0.5% for the film deposited a
35°C. The higher the temperature implies that more terminating
bonds,i.e., Si-OH and Si-F bonds, are incorporated into the film. . . .
Apparently,the F content for 25°C has nearly saturated as compare 1.420 10
with that for 35°C; while the OH content for 25°C is kept as low as 15 25 35

that for 15°C. Comparing Fig. 2 with Fig. 3 reveals that as the tem ar o

perature increases from 15 to°@5the increased F content domi- Deposmon Temperature ( C)

nates the higher shift in peak position and theedesz in fwhm. As ~ Figure 4. Refractive index and P-etch rate as a function of deposition
the temperature increases from 25 t8C3%he increased bond strain  temperature.

that resulted from the exponentially increased deposition rate dom

nates the lower shift in peak position and the slight increase in Mh%nt?,G,lgAs the temperature increases from 15 ) 2% increasing

Kawahareet al. also found that the fluorine content of LPD film £ content decreases the dielectric constant. While the temperature
deposited in diluted 5iF; increases when increasing the deposition ¢ ther increases to 35the increasing OH content dominantly in-
temperature from 35 to 60% The increased fluorine content was creases the dielectric constant
attributed to the accelerating effect in polymerization of the silicic =~ entional FSG films easiiy absorb or desorb water after mois-
lon and the enhancement of the catalytic rol.e of F lon. For TD'LPQUre stress or thermal annealing, leading to a variation in their dielec-
film, both the F content and the OH content@ase with increasing e constants. To evaluate the thermal stability/moisture resistance

temperature. The mech_anism that increa_lses both contents is &6r TD-LPD FSG, this study also investigated the dielectric constant
plained as follows. The intermediate species for LPD are the mong,; ihe film after annealing at 400°C for 30 min ip ot after boil-

omer Si(OH)..Fr, (M < 4) and/or the oligomer, which is formed by i iy 100¢C water for 1 h. According to Fig. 5, for the film deposit-
polymerization of monomers in the solution by the following reac- ed at 15°C, the dielectric constant increases and decreases only

y . I 4
tions between terminating borfds slightly after boiling and after annealing, respectively. For the films

1.428

Refractive Index
P-etch Rate ( A/sec)

. Qi AL deposited at 25°C, the dielectric constant increases slightly from
SOH + OH-SI= SI-O-Si+ Hz0 [ 3.46 to 3.49 after boiling, while it decreases to 3.33 after annealing.
or As for the films deposited at 35°C, the dielectric constant increases
from 3.66 to 3.85 after boiling; while it decreases to 3.55 after
Si-OH + F-Si— Si-O-Si+ HF [2] annealingObviously, the films have a similar variation in the dielec-

tric constant due to absorption/desorption of water. The difference in
Also, the Si-O networks in the films can be formed by the abovethe dielectric constants between the boiled and the annealed films
polymerization reactions between the intermediates in the solutiogan reflect the total amount of absorbed water that can be removed
and the terminating bonds on the film surface. at a 400°C anneal. In fact, the total amount of absorbed water can be
According to Fig. 2, increasing the temperature exponentially in-divided into two parts: one is the water physically absorbed on the
creases the deposition rate. Also, with a higher temperature, the isurface or in the pore structure, and the other is the water that is
termedides are less likely to completely react with each other orhydrogen-bonded to Si-OH bon®4? Since the film deposited at a
with the terminating bonds on the film surface. Finally, many termi- higher temperature is more porous and contains more Si-OH bonds,
nating bonds are preserved in the film. According to the above polythe amount of both physically absorbed water and hydrogen-bonded

merization reactions, more terminating bonds preserved in the filnyvater is thus more significant. Obviously, the film deposited at 15°C
result in less Si-O-Si bond density. In the following, we verify this

inference.

Generally,a low refractive index and a high etch rate are indica- 4.0
tors of a low-density oxide film. In addition, the bond strain in the
films can also accelerate the chemical etch ¥afkhe refractive
index and the P-etch rate as a function of temperature were invesi
gated to evaluate the film. According to Fig. 4, the refractive index
monotonicaly decreases from 1.433 to 1.423 as the temperatur
increases from 15 to 36. On the other hand, the P-etch rate monot-
onically increases from 16.9 to 34.8 A/s with increasing tempera:
ture. Thereforein terms of the refractive index and P-etch rate, the
film deposited at 35°C is more porous and/or has greater bond stre
than that deposited at 15°C. This finding also verifies that a greate
number of terminating bonds in the film leads to a lower Si-O-Si 347
bond density.

Figure 5 illustrates the dielectric constant as a function of depa Annealed
sition temperature for variously treated films. For the as-deposite
film, the dielectric constant decreases from 3.56 to 3.46 as the ter 3.2
perature increases from 15 t®@5However, the dielectric constant 15 25 35

inversely increases to 3.66 as the temperature further increases - o
35°C. The dielectric constant of the film deposited at 25°C is obvi- Deposmon Temperature ( C)

ously minimal. The variation in the dielectric constant of the as-Figyre 5. The dielectric constant for variously treated films as a function of
deposited film is explained in terms of the F content and the OH cor deposition temperature.

Boiled

38
As-deposited

36

Dielectric Constant
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exhibits the optimum stability. The condition with a deposition tem- is because the film deposited at 35°C is porous and contains many
perature above 35°C is unavailable owing to the relatively highdefects, forming electrically active traps.

dielectic constant and insuffient thermal stability/moisture resis- Figure 7b shows the distributions of current density at 2 MV/cm
tance. The film deposited at5has a rather low dielectric constant for as-deposited and annealed films. All the distributions for the as-
(3.46), because of a high F content (3.37%) and low OH contenideposited films (solid symbols) are rather narrow in current density,
(0.17%). The dielectric constant can be further reduced to 3.33 witindicaing that the as-deposited films are uniform in electrical prop-
a 400°C annealing, which can remove the absorbed water only, anstty. After annealing at 400°C for 30 min in,the median current
with almost all fluorine atoms preserved in the film. An oxide film density (dy) for the film deposited at 15°C increases slightly from
deposited at a low temperature generally exhibits low stress as &9 x 10-9to 9.0x 10~° A/lcm?, Jg, for the film deposited at 25°C
result of the reduced thermal stré3$°®Besides, the F content of increases by a factor of five, from 4610 2to 2.3x 10-8 Alcm?
oxide flm also affects the intrinsic stre5Figure 6 depicts the for the film deposited at 36, Jsyincreases by a factor of 5.6, chang-
stress as a function of temperature for the as-deposited and for theg from 3.6 X107 to 2 X 10~ % A/lcm?2. Obviously, the annealing
400°C annealed TD-LPD films. For the as-deposited films the stresdegrades the insulating ability for the film. In particular, the degra-
deceases from 63 to 43 MPa as the temperature increases from Ihation is rather pronounced for the films deposited at 35°C. A possi-
to 25°C; while it inversely increases to 73 MPa as the temperaturble mechanism for this degradation is proposed. Since electri-
further increases to 36. For the film deposited around 25°C, its cally active traps in the bulk can induce a substantially higher leak-
stress is at the minimum level. Since the incorporation of fluorineage current! the increaseds, for the annealed film is attributed to
atoms can reduce the stress for the fifras the temperature increas- the increased trap densitiy fact, the Si-O network is not easily
es from 15 to 2%, the increased F content thus dominates the

decease in the stress. As the temperature further increases to 35

the increased bond strain resulted from the exponentially increasir 105

deposition rate is the dominant factor in increasing the stféSs.

The minimum stress for the film deposited around 25°C is thus du 35°C
to high F content and low bond strain. 106

According to Fig. 6,after a 400°C, 30 min annealing in,Nhe
stress reduces to within £20 MPa. The net change in stress rang
from —50.3 to—63.3 MPaj.e., close to the calculated thermal stress
(~—78 MPa)!2 Besides, for the film prepared at 35°C with a rela-
tively high OH content, the stress does not make a pronounce
increase after thermal annealing, indicating that the Si-OH bonc
density is not high enough for neighboring Si-OH bonds to form Si-
O-Si bonds. Therefore, the variation of the stress after annealing 10°
attributed mainly to the thermal stress induced during the annealin
process. Obviously, the magnitude of stress for 400°C annealed TL
LPD film is rather lower than 120~340 MPa for CVD oxide filkis. 1010

Figure 7a presents theE characteristics for the films, where 0
negative dc voltage is applied to the Al electrode. The breakdowr
fields exceed 4 MV/cm, which is significantly larger than the opera- E (MV/cm)
tion field applied to intermetal dielectrics. The current densities for
the films deposited at 15 and 25°C are as low a$-+00 8 A/lcm?. (a)
However, for the film deposited at 35°C, the current density is ove
one order of magnitude higher than those for the other samples. Tt

107

108

J (AJem?)

100 g o
2%
80 i} . s
. i As-deposited S o IR—
g % 2 {4+ 4 250
= a 50 : 25°C
S 40 B [«}] o
" ¢ 30 8- -8~ 35°C
o 20T 8 10
5 ob Annealed E 5 @2 MV/cm
: 1 R T T T RNl e
20 F O 10° 10% 107 10€ 105 104 103
.40 X A N J (A/cm?)
15 25 35 (b)

Deposition Temperatu re (OC) Figure 7. (a)J-E characteristics for films deposited at 15, 25, and 35°C. (b)

Distributions of current density at 2 MV/cm for the as-deposited films (solid
Figure 6. The stress as a function of deposition temperature for the a:symbols) and the annealed films (empty symbols), with deposition tempera-
deposited and the annealed films. ture as a parameter.
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Table |I. Comparison of properties between TD-LPD FSG and PECVD FSG.

TD-LPD FSG PECVD FSG

Deposition temperature (°C) 15 25 35 300
F content (%) 2.56 3.37 3.49 1.44
OH content (%) 0.16 0.17 0.50 0.81
P-etch rate 16.9 20.3 34.8 27.9
Dielectric constant (1 MHz)

As-deposited 3.56 3.46 3.66 4.00

Annealed (408C, 30 min) 3.54 3.33 3.55 3.76

Boiled (100C, 1 h) 3.58 3.49 3.85 5.95
Stress (MPa) 63 43 73 157
Leakage current density 6.9 X10°° 4.6 X107° 3.6 X107/ 1.5 1077

at 2 MV/cm (Alcnf)

decomposed in 400°C annealing. In contrast, the weak terminatintre, and comparable or better insulating property. Results of this
bonds can be easily removed in annealing with defects generatestudy demonstrate that the FSG film prepared by TD-LPD is a reli-
Since the film deposited at 35°C has more terminating bonds, morable IMD with a low dielectric constant.

defects must be generated after annealing, resulting in a more pro-
nounced degradation in electrical property. According to Fig. 7a and
b, the electrical insulating property and the thermal stability are opti
mal for the films deposited below 25°C.

To further demonstrate the feasibility of the film as an IMD, this
study investigated and compared the properties of the FSG film pre-

of
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pared by PECVD. According to Table I, the TD-LPD film contains more of this article.

fluorine atoms and less OH bonds than the PECVD film does. The P-
etch rates for the both films are comparable. For as-deposited films, the
dielectic constant of TD-LPD film is within 3.463:66, smaller than
4.0 of PECVD film. For both films after annealing at 4D@r 30 min
in N,, the dielectric constants decrease due to removal of absorbed.
water. The dielectric constant varies about 0023 for TD-LPD film
and 0.24 for PECVD film. This finding confirms that the thermal sta-
bility is rather good for TD-LPD film.

After the moisture stress test in boiling water for 1 h, the dielec- 6.
tric constants for both films increased because of moisture absorp-
tion. The increase for TD-LPD film is within 0.862.19, while that
for PECVD film is as large as 1.95, from the original 4 to 5.95. The
excellent moisture resistance for the TD-LPD film can be attributed s.
to a rather low OH content.

The stress of TD-LPD film is within 4373 MPa, smaller than 9
157 MPa of PECVD film. The leakage current density (at 2 MV/cm) 1.
for the TD-LPD film prepared at 35°C is 3.6 20~/ Alcm?, over
fifty times of that for the films prepared below 25°C. However, it is
only slightly larger than 1.5 307 A/cm? of PECVD film. Com-
pared with PECVD film, the TD-LPD film exhibits a lower dielec- 5.
tric constant and a much better resistance to moisture in addition tcs.
a comparable or better insulating property. 14.

) 15.
Conclusion

This study investigated the properties of FSG films prepared byw'
TD-LPD at various temperatures. The deposition temperature in the
small range of 1535°C significantly affects the film properties 17.
such as density, bond strain, F content, OH content, and leakage cu¥8.
rent. For as-deposited films, the film prepared at 15°C exhibits excelt®:
lent stability owing to the high-density structure. The film prepared,q
at 25°C demonstrates the minimal dielectric constant (3.46) and thet.
minimal stress (43 MPa) due to high F content, low OH content, and
low bond strain. The dielectric constant for the film prepared at 25°C§§'
can be further reduced to 3.33 by annealing at@0The film de- 54
posited at 35°C is less promising as an IMD because of a relatively
high dielectric constant/stress and insufficient insulating ability/ther-25.
mal stability compared to the films deposited belod2%ompared
with fluorinated IMD prepared by PECVD, the TD-LPD film 57
exhibits a lower dielectric constant, much better resistance to mois-

4.
5.
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