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bstract

We have developed a flow-type reaction system that enables independent control of each deposition parameter at a constant value. Here we studied
he deposition kinetics and narrow-gap-filling of copper thin film in supercritical carbon dioxide fluids using hexafluoroacetylacetonatecopper
Cu(hfac)2) as a precursor. From the temperature dependence of the growth rate, the activation energy for Cu growth was determined at 0.45 ±
.09 eV. The dependences of the growth rate on the H2 and Cu(hfac)2 concentrations were studied, and an apparent rate equation was obtained.

he gap-filling property was found to improve as H2 concentration increases. The crystallographic texture of the obtained film was also studied,
nd (1 1 1) preferential films were obtained when the H2 concentration was high.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Thin film deposition in supercritical carbon dioxide (scCO2)
as attracted much interest, especially in view of appli-
ations involving microelectronics [1–3]. In this technique,
rganometallic compound, hereafter called a precursor, is dis-
olved and decomposed in scCO2 fluid, usually together with a
aseous reagent [4,5]. One of the primary technological targets
or this deposition technique is in applying it to the fabrica-
ion of Cu interconnects of ultra-large-scaled integrated circuits
ULSIs) as a replacement of current deposition technologies
uch as chemical vapor deposition and electrochemical depo-
ition. Copper has been introduced for use in advanced ULSIs
ecause of, for instance, its lower bulk resistivity than that of
onventional Al (1.55 �� versus 2.50 �� for Al) [6], and its
xcellent performance against electro/stress migration [7]. In the

resent technology vehicle, Cu is first filled into the pre-engraved
renches and via holes using electrochemical deposition, follow-
ng Cu sputtering for the conductive underlayer formation. The
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xcess Cu is then removed by polishing the surface (chemical
echanical polishing). For this reason, metal filling of small

eatures in addition to conformal deposition onto a convexo-
oncave topography have always been of serious concern in
LSI interconnect fabrication. Expected results in differenti-

tion to existing deposition techniques include (1) very good
ap-filling/conformal deposition capability in features as small
s those on a deca-nanometer scale because of good diffusivity
nd zero surface tension of scCO2 fluids, (2) good film quality
ue to the dissolution of reaction byproducts to scCO2 fluids, (3)
ood thermal stability of deposited films as a result of moderate
rocess temperatures of 150–300 ◦C, (4) deposition tempera-
ure is lower than chemical vapor deposition due to the solvent
apability of scCO2, and finally (5) potential recyclability of
cCO2 and unreacted precursors, which can make this process
ffordable and environmentally friendly.

One basic reaction arrangement for thin film deposition from
cCO2 is a so-called batch or static system [1,2]. In this system,
he substrate and precursor are enclosed in a pressure-resistant
eactor. The reactor is then filled with a gaseous reagent—we

se H2 for Cu deposition—at typically 0.1–1 MPa. Following
he gas-charge, liquid CO2 is admitted into the reactor with a
igh-pressure pump, and the reactor is heated so as to deposit
thin film. The temperature and pressure are controlled at

mailto:kondoh@ccn.yamanashi.ac.jp
dx.doi.org/10.1016/j.supflu.2007.12.004
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onstant values. This arrangement is simple and practical,
owever, the reactor temperature changes during a run, and
herefore, even the reaction time is not uniquely determined
ith respect to the start and end of the deposition reaction.
he other deposition parameters, such as the partial pressures

concentrations) of H2, precursor, and byproducts in the reactor,
lso vary as the process proceeds. For these reasons, besides
ts practicality, this arrangement is not very appropriate for
undamental study of deposition characteristics.

In our previous work, we have developed an arrangement
alled the semi-batch or semi-dynamic system [8]. In this
rrangement, only the substrate is initially placed in the reac-
or and the reactor is heated at a target process temperature.
he precursor is enclosed in another reservoir. The reservoir is
lled with H2 then with CO2, and the pressure and temperature
re increased so as to obtain a precursor-dissolving supercritical
olution. A separation valve between the reactor and reservoir is
pened and the solution is pumped to the reactor. Thus the start
nd end timing of deposition can be precisely determined by the
alve operation and the temperature can be kept constant dur-
ng deposition. Using this system, we succeeded in obtaining an
ctivation energy for Cu growth for the first time [9]. However,
he drawback of using a closed-end reactor still exists, where the
eaction environment changes during deposition.

In order to solve these problems, we have developed a
ow-type or dynamic reactor. The flow-type reactor enables con-
inuous feed and exhaust of the fluid to and from the reactor,
eeping the deposition parameters, such as pressure and con-
entrations, constant and independent. In this sense, this system
unctions like common dry-processing tools such as dry etch-
rs and vapor deposition equipment. In this article, we report
he development of our flow reaction system and Cu deposition
haracteristics from scCO2 with respect to deposition kinetics
nd narrow-gap-filling capability.

. Flow-type reaction system

.1. System diagram and basic arrangement

A schematic diagram of the flow-type reaction system is
hown in Fig. 1. CO2 was supplied from a siphon cylinder
nto a cooling unit. Liquid CO2 was then pressurized with a
igh pressure pump (JASCO PU-2086) to above the critical
ressure of 7.4 MPa and was subsequently supplied to a H2
ixing unit. The H2 mixing unit was connected to a H2 gas

ine with a pressure of 0.3–1 MPa, which enabled the flow of
ow-pressure gas into the high pressure fluid continuously. This

ixing unit—consisting of a 6-port rotary valve, a loop pipe,
nd switching valves—functions like a gas injector for chro-
atography with an additional non-mechanical mixing unit and
damper [10]. The controllability of the H2 content is described
fterwards. The fluid—a mixture of CO2 and H2—was then
dmitted into a precursor reservoir in which the organometallic

opper is placed and dissolved. The precursor-dissolving fluid
as supplied to a reactor, placed horizontally in a cylindrical
eater (heating-mantle), via an optical cell for in situ measure-
ent of the precursor concentration. A back pressure regulator
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JASCO SCF-Bpg/M) was equipped downstream of the reac-
or. The fluid was depressurized at the outlet of the regulator,
here the unreacted precursor was collected. All the fluid com-
onents were made of 304 or 316 stainless-steel. The H2 mixer,
eservoir, optical cell and the reactor with heating mantle were
laced in a thermostatic oven maintained at 40 ◦C in order to
aintain the supercritical condition. The fluid pressure was mea-

ured with a built-in pressure gauge. The hot-wall reactor was
ylindrical and made of stainless-steel, approximately 10 mm
n inner diameter and 60–70 mm in length. The temperature of
he reactor was measured and controlled with a thermocouple
hich was inserted in a small hole in the wall at one end of the

eactor. During some runs, the fluid temperature was directly
easured and was compared with the readout of the control ther-
ocouple. The fluid-measuring thermocouple tip was aligned

n the central axis of the reactor, and the fluid conditions were
djusted the same way as was done in the deposition experi-
ents. The fluid temperature at the longitudinal center differed

y less than 2 ◦C from the controlling temperature. The longi-
udinal distribution of the fluid temperature along the reactor
ength was within ±5 ◦C for ±25 mm and less than ±2 ◦C for

10 mm.

.2. Measurement and control of the concentrations of Cu
recursor and H2

The Cu precursor used in the present study was hex-
fluoroacetylacetnatecopper (Cu(C5HF6O2)2, abbr. Cu(hfac)2).
u(hfac)2 is a dark green solid and is known to be very soluble

n scCO2 as well as in common solvents such as alcohol and
etones [11,12]. The concentration of the precursor was moni-
ored with the in-line monitoring system. An optical cell having
wo sapphire windows for absorption measurement was installed
etween the precursor reservoir and the reactor (see Fig. 1).
he light emitted from a halogen lamp was shone through one
indow by way of an optical fibre guide, and the transmitted

ight was collected at the other window. The collected light was
uided by an optical fibre to a multichannel photodiode-array
pectrometer.

The calibration line for the absorbance measurements was
btained preliminarily. Weighed Cu(hfac)2 was placed within
he optical cell, and all connection ports were plugged with
lind plugs except the CO2 inlet. The optical cell was placed
n a thermostatic oven maintained at 40 ◦C. After pressuriza-
ion the inlet valve was closed and the chamber was stirred
ith a magnetic stirrer. Visible spectra were then taken with

he above-mentioned spectrometer for different amounts of
u(hfac)2. Fig. 2 shows spectra of Cu(hfac)2 taken at 8 MPa
nd 40 ◦C. The absorbance spectra peak at around 700 nm and
as a valley at around 500 nm, indicating that the solution is
reen. These profiles agree well with the data in literature [13].
he absorbance increased linearly at 700 nm with increasing

he concentration of Cu(hfac)2; from this fact, we obtained the

alibration curve line at the wavelength of 700 nm. From the
lope of the calibration line, the molar absorbancy was deter-
ined at 35.8 mol l−1 cm−1at 40 ◦C and 8 MPa. In deposition

xperiments, we kept the concentration of Cu(hfac)2 constant
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dependence, the deposition process was found to be sensitive to
Fig. 1. Schematic diagram of the

ontrolling the bypass-valve (Fig. 1), in order to dilute the high-
oncentration outflow from the reservoir, bypassing pure scCO2.
he valve operation was carried out intermittently by monitor-

ng the Cu(hfac)2 concentration. The maximum concentration
n this work was approximately 380 ppm (parts ber million).
ig. 3 exhibits time change of Cu(hfac)2 concentration mea-
ured during a deposition run for 20 min. The valves of the
eservoir were opened and closed at the times indicated by
he arrows. The Cu(hfac)2 concentration became stationary at
pproximately 200 s after each valve operation. This time is
hort enough compared to the nominal deposition time, 20 min

n this case. The average Cu(hfac)2 concentration was calcu-
ated for the time span where the concentration exceeded 2%
f the maximum value, and was used as a representative con-

ig. 2. Visible absorbance spectra of Cu(hfac)2 dissolved in scCO2 taken at a
ressure of 8 MPa and a temperature of 40 ◦C.
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type reaction system developed.

entration value. As described later, the growth rate was found
ero-order against Cu(hfac)2 concentration. Therefore, concen-
ration change during a deposition run does not affect the kinetic
nalysis of film growth.

The concentration of H2 was adjusted by changing its supply
ressure in the H2 mixing unit. The concentration was measured
ith a gas-chromatograph by sampling the vaporized fluid at

he outlet of the apparatus. The relationship between the supply
ressure and the H2 concentration exhibited very good con-
rollability (Fig. 4). In contrary to the precursor concentration
he concentration of H2 (discussed later); therefore, the degree
f accuracy in the H2 concentration is really crucial for sty-
ing deposition kinetics. Finally it was noted that the highest

ig. 3. Typical time change of Cu(hfac)2 concentration during a deposition run.
he arrows indicate the times when values were operated to supply Cu(hfac)2.
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Fig. 4. H2 concentration in scCO2 as a function of H2 supply pressure.

2 concentration obtained from this study was 1.8%, which is
till 1/5 to 1/10 of that from our past batch-reactor experiments
8].

. Conditions of deposition experiments

Deposition experiments were carried out using the appara-
us described in the previous section. Cu(hfac)2 was purchased
rom Tri-Chemical Laboratories Inc. (Yamanashi, Japan). The
ubstrates used were TiN-coated Si wafer pieces having test pat-
erns for gap-fill assessment. We used the same set of wafers in
ur past experiments [8].

After placing a piece of wafer (ca. 10 × 50 mm) faceup and
orizontally in the middle of the reactor, the reactor was closed
nd the residual gas in the system was purged with gaseous
O2. The outlet valve of the reservoir and the bypass valve
ere closed together, and the H2-added scCO2 fluid was pumped

nto the precursor reservoir at operation pressure. The inlet and
utlet valves of the reservoir were then closed, and the fluid
as introduced into the reactor through the bypass valve. The
eposition was then started by switching the flow of scCO2 from
he bypass line to the reservoir line, and the elapsed time was
ecorded.

The deposition conditions are summarized in Table 1. After
eposition, cross-sections of the specimens were observed with
JOEL JSM6500F field-emission secondary electron micro-

cope (SEM), the film thicknesses were measured with a

urface profilometer (DekTakTM), and θ–2θ X-ray diffraction
easurements were performed with a Rigaku RAD1 X-ray

iffractometer using Cu K� emission line.

able 1
eposition conditions of this work

emperature 180–320 ◦C
ressure 8 MPa
ydrogen concentration 0.4–1.8%
u(hfac)2 concentration 15–380 ppm
eposition time 20–60 min

t
t
l

T
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H

0
1

1

Fig. 5. Arrhenius plots of deposition rate for different H2 content.

. Results and discussion

.1. Deposition kinetics

.1.1. Temperature dependence
Activation energy for the growth: Fig. 5 shows Arrhenius

lots of the deposition rate obtained for different hydrogen con-
entrations. A linear relationship with negative slope is observed
or each hydrogen content. Table 2 lists the activation energies
etermined from the data sets shown in Fig. 5. The data set for
.4 mol% H2 is not very reliable, because the deposits obtained
ere porous or granular. Practically no deposition occurred at

emperatures lower than those listed in Table 2. In other words,
lm growth did not start even at higher temperatures (� 250 ◦C)
hen H2 concentration was not sufficiently high (� 0.5%). This
ehavior is discussed later. By assuming that all the positive acti-
ation energy values for 0.8, 1.2, and 1.5% belong to the same
opulation, we obtained the activation energy for Cu growth of
.45 ± 0.09 eV. This value was in very good agreement with
ur previously reported value of 0.42±0.12 eV for the same
u(hfac)2–H2 chemistry but using a batch-type reactor [8]. The
bserved value of 0.45 eV is lower than the ones reported in

hermal chemical vapor deposition [14,15], but is similar to
he results of plasma chemical vapor deposition [16]. This is
ikely due to the solvation effect of scCO2[2,8], as well as the

able 2
ctivation energies for Cu deposition

2 concentration (%) Activation energy (eV) Temperature range (◦C)

.8 0.47 ± 0.08 250–320

.2 0.41 ± 0.08 200–280
−0.37 ± 0.27 280–320

.5 0.46 ± 0.13 200–250
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ctive role of the solvent scCO2 in removing reaction byprod-
cts [17,18]. In a similar report on chemical vapor deposition for
u thin film growth from dipivaloylmethanecopper (Cu(dpm)2,
u(tmod)2) using a batch scCO2 system, the activation energy,
.54 eV, was lower than in chemical vapor deposition [18]. From
hese it is suggested that a common deposition mechanism func-
ions for Cu growth from Cu(II) �-diketonates. On the other
and, the activation energies for the thermal decomposition of
u(hfac)2 and acetylacetonatecopper (Cu(acac)2) were reported

o be 0.86 [19] and 0.65 eV [20], respectively, 1.5–2 times higher
han our values. However, it should be noted that these values
ere obtained for thermal decomposition without a reduction

gent nor catalytic substrate. In thin film deposition, a growing
urface plays a catalytic role and thus decreases the activation
nergy for reaction. In this sense, deviation from our value is
uite reasonable.

Growth rate reduction at higher temperatures: When the
emperature was high, we obtained the negative temperature
ependence of the growth rate. The activation energy for the
2 concentration of 1.2% was −0.37 ± 0.27 eV. We observed

imilar behavior in our previous study on Cu deposition [2] and
u deposition [21] with a batch reactor, which may suggest the
enerality of this phenomenon. The reason for this phenomenon
s not clear at present. The decrease in thickness at higher tem-
eratures is not always observed in chemical vapor deposition. In
ypical vapor deposition chemistry, the deposition rate levels off
t higher temperatures when the rate-determining step of growth
hanges from the reaction-limited to the transport-limited of
eaction species.

The negative temperature dependence can appear when a
everse reaction becomes significant with increasing tempera-
ure. Possible reverse reactions are the desorption of adsorbing
pecies or an etching reaction. As discussed later, hydrogen and
u(hfac)2 are thought to be adsorbed to the surface. Hydrogen
hemisorbs very strongly to metal surfaces, and therefore hydro-
en desorption does not proceed favorably. The desorption of the
dsorbing Cu(hfac)2 or its intermediate products is more likely
o occur.

.1.2. Hydrogen and precursor concentration dependences
Fig. 6 shows the dependence of the copper growth rate on the

2 concentration obtained at 250 ◦C. The growth rate increased
ith H2 concentration and leveled off above around 1 %. As

tated before, no growth was observed when the H2 content was
.4 %.

The fitting curve in Fig. 6 was obtained using the following
quation based on a Langmuir-type adsorption isotherm,

eposition rate ∝ (KXH2 )n

1 + (KXH2 )n
(1)

here Xi is the concentration of species i in the ambient, and
and n are the fitting parameters, hereafter. The extrapolated

traight line intersects the horizontal axis at about 0.6%.

The dependence of the growth rate on the concentration of

u(hfac)2 was also studied. We did not observe clear dependence
n the Cu(hfac)2 concentration. This suggests that the growth
ate is zero-order with respect to the Cu(hfac)2 concentration.

w
m
p
h

ig. 6. Dependence of growth rate on the H2 concentration. The deposition
emperature and pressuer were 250 ◦C and 8 MPa, respectively.

From these results, we obtained an apparent overall rate equa-
ion,

eposition rate ∝ (KXH2 )n

1 + (KXH2 )n
X0

Cu(hfac)2
exp

(
−5200

T

)
. (2)

.1.3. Surface reaction mechanisms
Two basic surface reaction models based on the sorp-

ion isotherm are known, namely Langmuir–Hinshelwood and
ideal–Eley mechanisms. A Langmuir–Hinshelwood type reac-

ion proceeds between the surface-adsorbed species, and a
ideal–Eley type reaction occurs between the surface-adsorbed
nd the gaseous species.

The rate equation of a Langmuir–Hinshelwood type reaction
etween surface species A and B are expressed by

∝ θAθB, (3)

here θi is the surface coverage of species i. A Rideal–Eley type
eaction has a different formula

∝ θApB, (4)

ssuming species A is surface-adsorbed and species B is incident
o the surface from the environment.

In the previous subsection, we concluded that the Langmuir-
ype adsorption of hydrogen dominates the overall reaction
rocess, where the growth rate increases with the concentration
f H2 but saturates at higher H2 concentrations. By following Eq.
3) we can write the formula, θH ∝ (KXH2 )n/[1 + (KXH2 )n].
his obviously tells us that the adsorbed hydrogen is involved

n the growth reaction. Conversely, we found no Cu(hfac)2
oncentration dependence of the growth rate. This means that
eaction (4) does not hold and that the surface is almost saturated
ith Cu(hfac)2 (or presumably its intermediate products), i.e.,

Cu(hfac)2 ≈ 1.
Such high coverage occurs when Cu(hfac)2 is adsorbed
ell. Cu(hfac)2 is a polar molecule and has a strong inter-
olecular interaction, as can be understood from its high melting

oint of about 98 ◦C [22]. Obviously Cu(hfac)2 has a large
eat of adsorption and is thought to adhere easily to the sur-
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Fig. 7. Cross-sectional SEM photos of Cu filled in small trenches at (a) 230 ◦C, (b) 250 ◦C, (c) 300 ◦C, and (d) 320 ◦C. The H concentration was fixed at 1.2%. The
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cale bar is 300 nm.

ace. A very high molecular number density of Cu(hfac)2
n scCO2 may enable the adsorption to occur more easily
ompared to gas-phase reactions. Therefore, the coverage of
u(hfac)2 should be much higher than that of dissociated H
toms.

We now conclude that the Cu growth proceeds via the
angmuir–Hinshelwood mechanism, for instance,

sc
2 → 2Had (R1)

u(hfac)sc
2 → Cu(hfac)ad

2 (R2)

Had + Cu(hfac)ad
2 → Cu + 2Hhfacad (R3)

hfacad → Hhfacsc, (R4)

here subscripts sc and ad indicate ‘in scCO2’ and ‘adsorbed’,
espectively. In our case, the rate-determining step is likely to
e involved in reaction (R3). The solvent capability naturally
unctions better in this reaction, which agrees fairly well with
ur observation. An overall activation energy of surface reac-
ions is potentially dependent on the coverage of the adsorbed
pecies. When the coverage θ is large the activation energy
ecomes close to that of the rate-determining step, whereas
hen θ � 1 it approaches the value of a heat of adsorption.

e did not observe the dependence of the activation energy on

ydrogen concentration in the extent of our experiments. The
eason for this is probably due to over simplification of the
eaction mechanism. Our adsorption isotherm (Eq. (1)) actu-

n
t
T
n

2

lly assumes a high-order adsorption ‘reaction’. The n value
btained from the curve fitting was 5.0, and thus the equation is
ery sensitive to the H2 concentration. This is seen as a quick
ecay of the filling curve in Fig. 4 as XH2 approaches 0, and a
uick saturation at around XH2 = 1.2. (The first-order Langmuir
quilibrium isotherm, n = 1 in Eq. (1), shows more gradual satu-
ation.) A reaction model which requires the successive addition
f hydrogen can be proposed for explaining this apparent high-
rder reaction. The presence of parallel reactions that proceed
ompetitively with the Cu deposition reaction can also give an
pparently high reaction order. In this case, θH can have a higher
rder factor like θa

H(a > 1), which produces a similar mathe-
atical results as Eq. (1) but with a smaller n value. Formation

f oxide from impurity H2O in CO2 and its reduction by H can
e listed as possible parallel reactions that compete with the
eposition reaction.

.2. Surface morphology and gap-filling capability

Fig. 7 shows cross-sectional SEM photos of Cu filled in
mall trenches for different deposition temperatures. The H2
oncentration was fixed at 1.2%.

The film deposited at 230 ◦C (Fig. 7(a)) shows a flat topogra-
hy. Good conformability is observed even inside the trench 500

m-in-width at the opening (right side of the photo). In contrast,
he deposit is granular in the 300 nm-wide trench (on the left).
he deposit becomes more discontinuous in a deeper part, and
o deposit was observed neat the bottom.
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When the temperature was increased to 250 ◦C (Fig. 7(b)),
more conformal film was observed in these 300 nm-wide

renches. The surface is flatter and the film is thicker. The films
n the trenches are slightly more granular than that of the top,
uggesting that poorer nucleation occurred. At 280 ◦C (photo not
hown), the film’s thickness increased. The deposition inside the
rench was as good as 250 ◦C.

The surface of the film obtained at 300 ◦C (Fig. 7(c)) is
ougher and agglomerated. A thinner film is formed at the side-
all and bottom of the trenches. This tendency becomes clearer

t 300 ◦C (Fig. 7(d)) exhibiting a much smaller film thickness.
t this temperature, hillocks or whiskers were observed on the
lm surface.

Fig. 8 shows cross-sectional SEM photos of Cu filled in small
renches for different H2 concentrations at a deposition temper-
ture of 250 ◦C. It is clearly observed that the surface roughness,
rain continuity, and gap-fill property improve with H2 content.

As we have seen so far, the filling capability was found to
e highly dependent on the H2 concentration and the deposition
emperature. Too high a temperature resulted in the formation
f granular deposits and even abnormal growth, and too low a
emperature or less H2 concentration resulted in poor nucleation.

higher H2 concentration was favorable to ignite the prompt
ucleation and thus to form a thin continuous film.

Thin film deposition inside a longitudinal feature can be ana-
yzed by using a Thiele diffusion model [23]. The Thiele model
eals with the balance between the amounts of incoming and
onsumed species inside the feature. This model has been suc-
essfully employed in analyzing the step coverage in chemical
apor deposition [24] and was applied to the conformability
nalysis in thin film deposition from scCO2[25].

Now let us assume that a sufficient amount of chemical
pecies is supplied deep inside the feature. Obviously, we can
xpect better conformal deposition to take place. Conversely, if
he consumption of the species is large, the conformability will
ecome poor. As discussed above, the growth rate is, in our case,
ominated by the H2 concentration. For simplicity, we first dis-
uss three extreme cases of the H2 concentration. When the H2
oncentration is lower than approximately 0.5%, no film growth
ccurs. As a result, the H2 concentration in a trench becomes
niform; however, this situation is not of concern. As the concen-
ration of the supplied H2 increases, the Cu growth rate increases
nd the H2 concentration deep in the trench will decrease. When
he concentration of the supplied H2 is high enough, the growth
ate becomes independent of the H2 concentration (see Fig. 6);
nd therefore, the distribution of H2 in the trench becomes uni-
orm, which results in good step coverage. From this discussion,
he most critical condition with respect to the deposition con-
ormability is when the H2 concentration is about 1.2% at which
he growth rate starts to level off.

From simple calculations, we found that there is no expected
2 concentration decrease along the trench depth even under

he above-mentioned extreme condition (see Appendix A). This

onsequence is in fact obvious, because only very small amount
f H2 is consumed for the Cu growth. However, indeed, we have
bserved the improvement of film conformability as the H2 con-
entration increased. The reason for this discrepancy is not clear

b
t
T
t

ig. 8. Cross-sectional SEM photos of Cu filled in small trenches at a H2 con-
entration of (a) 1.0%, (b) 1.2%, and (c) 1.5%. The deposition temperature was
xed at 250 ◦C. The scale bar is 300 nm.

t present. The diffusion of other species such as Cu(hfac)2 can
e a reason, whereas the diffusion coefficient in scCO2 cannot

e too small to give a large inhomogeneity in the concentra-
ion. Presumably the nucleation behavior is more dominating.
he nucleation is a more complex phenomenon than the con-

inuous film growth and may have different kinetics. Once Cu
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Table 3
X-ray θ–2θ diffraction (1 1 1)/(2 0 0) intensity ratio

H2 conc. (%) Temp. (◦C) (1 1 1)/(2 0 0) Ratio

0.4 280 4.2
0.8 280 5.3
1.2 280 6.7
1.2 300 5.6
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infinitesimally small region dx is Jin = −DdC/dx, here D is
the diffusion constant as usual. Likewise, the outgoing flux at
x + dx is Jout = −D(dC/dx − d2C/dx2). By considering the
mass balance in the control volume in an infinitesimally small
.2 320 4.2
Powder) – 2.17

rowth starts somewhere inhomogeneously, the growth proceeds
referably thereon, which accelerates the inhomogeneity.

.3. Film texture

Finally the results of the film texture analysis with θ–2θ X-
ay diffractometry are shown in Table 3. The film texture is
echnologically important, because the reliability of ULSI inter-
onnect improves as the ratio of the (1 1 1)-plane intensity to
he (2 0 0) intensity increases [26]. The (1 1 1)/(2 0 0) intensity
atio was higher than the one listed in the database of the Joint
ommittee for Powder Diffraction Studies (JCPDS), indicating
referential growth of (1 1 1) planes parallel to the substrate. The
1 1 1)/(2 0 0) intensity ratio increased slightly with increasing
he H2 concentration but decreased with deposition tempera-
ure.

It is well known that (1 1 1) planes of face-centered-cubic
fcc) metals tend to develop during thickening of thin film. This
s because fcc (1 1 1)—Cu has an fcc structure—is the lowest-
nergy plane and therefore grain boundaries sweep the surface
o as to minimize the total surface energy. By comparing the data
f Table 3 with Fig. 5, it seems that the (1 1 1)-texture developed
s the growth rate increased. In our experiments the deposition
imes were fixed, meaning that the (1 1 1)-textured films have a
reater thickness. This is consistent with the above discussion.

Another possible reason for the (1 1 1)-texturing is the attrac-
ive interaction between Cu and substrate. Stronger interaction
ecreases the interfacial energy, which leads to the formation of
wo-dimensional nucleation [27]. According to classical nucle-
tion theory, prompt nucleation occurs when the interfacial
nergy is low and/or when the growth rate is high. Our observa-
ions corroborate those of this discussion.

. Conclusions

Cu thin film growth from scCO2 using Cu(hfac)2 as a
recursor was described with respect to growth kinetics and
arrow-gap-filling. We used H2 gas as a reducing agent. A newly
eveloped flow reaction system was employed in this study.
his system was designed to enable continuous addition of low-
ressure H2 gas to the high pressure scCO2 fluid, maintaining the
eposition parameters constantly and independently. The molar

2 and Cu(hfac)2 concentrations, and temperature were var-

ed in the ranges of 0.4–1.8%, 15–380 ppm and 180–320 ◦C,
espectively. The pressure was fixed at 8 MPa. We obtained the
ollowing results.
ical Fluids 44 (2008) 466–474 473

1) The activation energy for Cu growth was determined at
0.45 ± 0.09 eV. A negative temperature dependence was
observed at higher temperatures.

2) The growth rate increased with H2 concentration and leveled
off above around 1 %. When the H2 content was decreased
to 0.4 %, the obtained films were discontinuous and rough.
The film growth was found to be a zero-order reaction with
respect to the Cu(hfac)2 concentration. An apparent overall
rate equation was obtained. The reaction of the film growth
proceeds via the Langmuir–Hinshelwood mechanism.

3) There is a moderate temperature that is appropriate for
good film conformability. Increasing the H2 concentration
resulted in better gap-filling performance.

4) The obtained films were (1 1 1)-textured. The (1 1 1)-
texturing improved with increasing the H2 concentration
but decreased with deposition temperature.
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ppendix A. Distribution of a chemical species in a
ongitudinal slit

Uniformity of the film thickness in a longitudinal thin cham-
er is determined by the balance between the diffusion transport
nd the consumption of the growth-contributing species as long
s advection/convection is insignificant.

Let us consider a two-dimensional longitudinal slit like that
hown in Fig. A.1. The species in attention diffuses along x-axis
ne-dimensionally from the left-side, where its concentration
(x) is fixed at C0 at x = 0. The species is annihilated on the

lit surface at a rate of S (>0). The mass flux incoming to an
Fig. A.1. Two-dimensional longitudinal slit model.
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ime interval, we obtain a steady-state diffusion equation,

W
d2C

dx2 − 2S = 0. (A.1)

If S is constant—this is an extreme case that we discussed
n the main text—a general solution for Eq. (A.1) is a simple
uadratic equation. A solution that satisfies the physical require-
ents is a convex downward parabola that is defined between
= 0 and x = Lex, where Lex is the x coordinate of the vertex.
s a special case of C(Lex) = 0, the distribution of the species
ecomes most inhomogeneous, and then,

ex =
√

C0DW

S
, (A.2)

hich we define here as the extinction length. When the extinc-
ion length Lex is large enough compared to the depth of a
rench, like that shown in Fig. 4, the distribution of the species
s practically uniform.

By substituting the following experimental values to Eq.
A.2), C0 = 0.4 mol/m3, D = 10−7 m2/s, W = 10−7 m, and
≈ 2 × 10−5 mol/m2/s, we obtain Lex = 14 �m, which is

ozens of times larger in magnitude than the actual trench depth.
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