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Static Vapor Pressure Measurement of Low Volatility Precursors
for Molecular Vapor Deposition Below Ambient Temperature**

By Taisuke Ohta, Fabio Cicoira, Pascal Doppelt, Lionel Beitone, and Patrik Hoffmann*

Static vapor pressure measurements of volatile metal precursors, in the pressure range 107 Pa to 10° Pa, are described. The
vapor pressures and the sublimation or evaporation enthalpies, in the range 265 K-300 K, of Mo(CO)s (77.7 kJ mol™), two
dimethyl(8-diketonato)gold(m) complexes, Me,Au(tfa) (83.5 kI mol™) and Me,Au(hfa) (68.1 kI mol™), and an inorganic Rh
precursor, [(PF5),RhCl], (90.8 kI mol™), were determined. The sublimation enthalpy for Mo(CO), was larger by more than
10 % in the measured temperature range than reported values measured at higher temperatures. At ambient temperatures,
partial decomposition was observed only for the gold precursors.

Keywords: CAS 107-46-0 (HMDSO), CAS 13939-06-5 (Mo(CO)s), CAS 14876-98-3 ([(PF3),RhCl],), CAS 63470-53-1
(Me,Au(tfa)), CAS 63470-54-2 (Me,Au(hfa)), Electron beam induced deposition (EBID), Sublimation enthalpy, Vapor pres-

sure
1. Introduction

The vapor pressure of the precursor as a function of its
temperature is one of the key parameters influencing the
choice of precursor in CVD and related processes. There
are different ways of determining the vapor pressure of
chemical compounds, with mass or torsion effusion meth-
ods being the most commonly employed. These methods
allow the measurement of vapor pressures of transition
metal halide and organic compounds'?! down to 107 Pa.
These methods are described in the literature.”! Vapor
pressure measurements of organic compounds were carried
out by Griffiths et al., using an ultrasonic monitor.*! A gen-
eral review of transpiration, ebulliometric, vibrating fiber,
thermistor, and mass or torsion effusion methods is given
by Carson.”!

Static vapor pressure measuring methods have also been
developed, and have been in use for some time. Methods
employing a manometer,’ or capacitance gauge with a
membrane null gauge!®® are also widely applied. The
membrane is used to insulate the pressure gauge from the
vapor of the chemical compound in order to avoid corro-
sion, etching or deposition. Spee and Mackor recently
applied another static method involving the precursor
vapor being in contact with mercury.'"”) However, this lim-
its application of the method to nonreactive chemicals, and
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makes the lowest measurable pressure that of the vapor
pressure of mercury (0.1 torr).

In this work, a simple method for the static vapor pres-
sure measurement of small sample quantities is described.
We show the results for the vapor pressures of four precur-
sors used for EBID.!"! The vapor pressures are measured
directly by means of a capacitance gauge, with results in
the range 107'-10° Pa. The system also allows the sample to
be observed so that, for example, color changes, phase tran-
sitions, or decomposition under low pressure conditions, as
well as the presence of impurities in the precursor sample,
may be detected.

2. Results and Discussion

Vapor pressure measurements were carried out for
molybdenum hexacarbonyl (Mo(CO)g), dimethyl-gold-tri-
fluoroacetylacetonate Me,Au(tfa), dimethyl-gold-hexa-
fluoroacetylacetonate Me,Au(hfa), and tetrakis-trifluoro-
phosphine-dichloro-dirhodium [(PF3),RhCl],.

2.1. Measurement of the Vapor Pressure of Mo(CO)g

Mo(CO)s (Aldrich), a white solid at room temperature,
has been used for vapor deposition experiments for several
decades. The vapor pressure has been reported by Box-
hoorn et al.,[m Lander and Germer,m] Monchamp and
Cotton,™ and Hieber and Romberg.[15]

Figure 1 shows that there is good agreement between
our measurements and the reported values."*'! The lines
in Figure 1 are fitted according to Equation 1 (which is giv-
en in the Experimental section below). With this fit, the
sublimation enthalpy of the compound is determined, from
Equation 2 (also in the Experimental section), to be
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Fig. 1. Vapor pressure of Mo(CO)s.

77.7 kI mol™. This figure, together with the literature val-
ues,[u'lsl is listed in Table 1. The data in Table 1 show a
clear tendency for the lower sublimation enthalpy values to
be found in the higher temperature range. It is assumed
that vibrational excitation of the molecules, inducing or
accompanying a solid—vapor phase transition, results in an
increase of lattice energy and, therefore, a decrease in the
sublimation enthalpy. With six degrees of freedom for a
solid and a temperature difference AT of 150 K, the in-
crease in kinetic energy, (6/2)kgAT = 6.21 x 10! [J] (where
kg is the Boltzmann constant), corresponds to 3.7 kI mol ™.
This value is approximately 39 % of the 9.5 kJ mol™ differ-
ence in sublimation enthalpies between this study and that
by Hieber and Romberg. The maximum temperature dif-
ference between the two studies was 150 K.

Table 1. Fitting constants, A and B, sublimation enthalpy, and measured
temperature range obtained for Mo(CO)e from the values measured by the
authors and those reported earlier.

Reference Fitting constants for Sublimation ~ Temperature
Equation 1 enthalpy range [K]
AH, [kJ mol™
log, p = A+ By el
A B[K]
[12] 14.8 —-4018+46 76.9+0.9 240-285
This work 14.9 4058 711 262.5-296.1
[13] 13.919 -3800 72.7 [a] 291.6-308.4
[14] 13.298 -3561.3 69.8 343.1-383.2
[15] 13.298 -3561.3 68.2 326.4-419.9

[a] Calculated from reported fitting constants for Equation 1.

2.2. Measurement of Me,Au(tfa)

Dimethyl gold trifluoroacetylacetonate, Me,Au(tfa), has
been used as a gold precursor for various CVD pro-
cesses. "% It is a white solid at room temperature.

Figure 2 shows the vapor pressure values of Me,Au(tfa)
measured at 297.0 K (23.8°C), 293.8 K (20.6°C), 293.1 K
(19.9°C), 292.8 K (19.6°C), 291.3 K (18.1°C), 289.0 K
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Fig. 2. Vapor pressure of Me,Au(tfa).

(15.8°C), 2873 K (14.1°C), 2848 K (11.6°C), 283.6 K
(10.4°C), and 283.3 K (10.1 °C), together with a value (also
measured with a capacitance pressure gauge) reported in
the literature.!'”) According to the author, the relevant tem-
perature for this value should be 295-296 K (22-23°C)
rather than 298 K (25°C)."! When taking this correction
factor (indicated by the arrow in Fig. 2) into account, good
agreement is obtained. The sublimation enthalpy, AH,, of
the compound is found to be 83.5 kI mol™. This result is
listed in Table 2.

A change in the color of the solid precursor, and a blue-
violet deposit on the Cu gasket exposed to the precursor
vapor at room temperature, were observed. X-ray photo-
electron spectroscopy (XPS) of the latter deposit detected
the presence of Au, C, and F. No deposit was observed on
the stainless steel tubes of the vacuum system.

During the vapor pressure measurement, the pressure in-
creases continuously over time, probably due to ongoing
decomposition at ambient temperature of the Me,Au(tfa)
on the Cu gasket. The rate of increase of pressure over time
is about 3-6 x 107 Pa per second. No strong variation of
the slope with varying precursor partial pressure is ob-
served. According to XPS results, the pressure increase
could be a consequence of a Cu surface-catalyzed decom-
position of the precursor compound. Assuming the precur-
sor has a constant vapor pressure of 7.1 Pa at 296 K
(23°C), the measured rate of decomposition corresponds
to 1 % of precursor over 3 min.

2.3. Measurement of the Vapor Pressure of Me,Au(hfa)

Dimethyl gold hexafluoroacetylacetonate, Me,Au(hfa),
is also widely used in the molecular vapor deposition of
gold."* 1 The complex is a yellow liquid at room tempera-
ture.

Figure 3 shows our measured vapor pressure values of
Me,Au(hfa) at 296.9 K (23.7°C), 296.7 K (23.5°C), 283.4 K
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(10.2°C), 273.7 K(0.5°C), and 262.7 K (-10.5 °C), together T [°C ]

with one reported value, also measured with a capacitance 20 10 0 -10

pressure gauge.[”] A similar correction of the literature 100

value to that in Section 2.2 is indicated by the arrow. 8!

From the fitting parameters (see Table 2), the enthalpy of

evaporation, AH., of the compound was found to be L

68.1 kI mol™. This value is smaller than the one obtained L

for Me,Au(tfa), indicating a strong decrease of intermolec-

ular interaction forces due to further fluorination. L .
During measurement, the sample underwent a color \Q\

change from yellow to black, but this did not influence the i 1

vapor pressure measurement. As before, there were blue- L \ §

violet deposits on the Cu gasket and XPS showed these to L o)

contain Au, C, and F.
As in the case of Me,Au(tfa), we can interpret these T b L b e b ey

results as a Cu surface-catalyzed decomposition of the pre- 33 3.4 3.5 3.6 3.7 3.8 3.9

cursor compound. For Me,Au(hfa), the pressure increase 1000/ T [K]

grows linearly with precursor partial pressure. The rate of Fig. 3. Vapor pressure of Me,Au(hfa).

increase, about 1.4 % per minute, is several times higher

than that of the Me,Au(tfa) compound.
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2.4. Measurement of the Vapor Pressure of [(PF3),RhCl], 10 T T T T ]
The trifluorophosphine rhodium chloride complex is an I 1
inorganic precursor for Rh deposition.”**! The compound S i
was synthesized according to the literature.?! 1E %00 : =
The vapor pressure values of [(PF3),RhCl], measured = E N <><><> ]
between 23 °C and 0.5 °C are shown in Figure 4. It can be A [ <><><> i ]
seen that these values are higher than those previously [l %%Q ]
determined, using an infrared transmission detection meth- 0.1 ¢ %o & E
od, and assuming that the optical absorption cross sections [ i
for both free PF; and PF; ligands in the complex were [l © this work o ]
identical.”? From Equation 1, with the fitting values listed rl| © P Doppeltetal 1
T I P I L Lo

in Table 2, the enthalpy of sublimation of [(PF3),RhCl], 0.01 Lot
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was found to be 90.8 kJ mol™". Neither a color change of
the sample, nor a pressure increase with time, was observed

during the measurements.

3. Summary

The fitting constants of the Clausius-Clapeyron equa-
tion, A and B, the correlation coefficient, R, the sublima-
tion or evaporation enthalpy, AH; or AH,, and the fitted

Fig. 4. Vapor pressure of [(PF3),RhCl], with reported FTIR values [22].

vapor pressure value at 23 °C for each precursor, are listed
in Table 2. The lower value of sublimation enthalpy of
Me,Au(hfa), compared to Me,Au(tfa), confirms the in-
creased volatility caused by higher fluorination of the dike-
tonato ligand.

Table 2. Fitting constants, A and B, correlation coefficient R, sublimation (AH) or evaporation (AH.)
enthalpy, and the fitted vapor pressure value at 23 °C for the Mo carbonyl, the two gold, and the Rh
precursors in the temperature range —10 °C to 24 °C.

4. Conclusions

Vapor pressure measurements were

Compounds  Fitting constants for Equation 1 ~ Correlation ~ Sublimation Fitted vapor performed for Mo(CO)s, Me,Au(tfa),
log, p=A+ B/T coefficient ~ or evaporation pressure Me, Au(hfa), and [(PF3)2RhC1]2 between
A BIK] forfitting  enthalpy - value at23°C 63 K and 298 K (-10°C and 24°C). The

R AHg* or AH, [Pa] . . .
(KJ mol] sublimation enthalpies were found to be
-1 -1 -1
Mo(CO), 149+035  —4058£102.0 0.998 777+ 1.95% 149 77.7 kJmol™, 83.5 }‘J mol™, 68.1 kJ mol™,
Me,Au(tfa) 15.6+0.44 —4362+127.5 0.997 83.5+2.44% 7.11 and 90.8 kJmol™, respectively. For
Me,Au(hfa) 13.9+0.37 —3559+105.2 0.999 68.1 £2.01 732 Mo(CO)& this value is 10 % hlgher than
[(PF2),RhCll, 1694041  —4745+121.5 0.998 90.8 +2.32* 7.47 the reported value (measured at a higher
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temperature). Partial decomposition of Me,Au(tfa) and
Me,Au(hfa) was observed at ambient temperature, whereas
Mo(CO)g and [(PF;),RhCl], showed no decomposition in
the observed temperature range.

5. Experimental

Experimental Setup: The system used for vapor pressure measurements
of precursor compounds is shown schematically in Figure 5. All the compo-
nents are made with 304L stainless steel ultra high vacuum (UHV) material
and equipped with Conflat (CF) flanges.

Pressure gauge
Barocell 622

Nupro valve <+
Liquid nitrogen trap Roxi valve

No.2
No.l

IR,

) PN

Penning gauge

AN LT e . A
e ) L — v
Nupro valve Roxi valv
No.1 No.2
}_{ Turbo molecular pump
Container >

tg—____Condensed N

precursor ‘av»‘
A A

Bath with thermostat Primary pump Pirani gauge

Fig. 5. Schematic view of the vapor pressure measurement setup.

The sample is loaded into a glass container welded to a stainless steel
flange. The latter is connected to a bellow valve, the function of which is to
both introduce the precursor vapor into the measuring chamber, and to
avoid the precursor coming into contact with ambient gases during mount-
ing. To minimize outgassing, silylation treatment [23] of the glass containers
is carried out prior to precursor loading.

Pumping is achieved by a turbomolecular pumping station with a 100 Ls™
nominal pumping speed for N,. To protect the pumping system from the pre-
cursor vapors, a liquid nitrogen trap is mounted between the measuring
chamber and the turbomolecular pump. The ultimate pressure in the measur-
ing chamber is measured by a Penning gauge, mounted close to the turbomo-
lecular pump.

Vapor pressure measurements are carried out by means of a capacitance
gauge (Edwards BAROCELL 622), working in the pressure range 107" Pa
to 10° Pa (0.001-10 mbar) with an accuracy of 0.15 %.

Temperature Control: To measure the vapor pressure as a function of
temperature, during the experiments over a range of temperatures, the tem-
perature of the precursor container is regulated by a thermostat with an ac-
curacy of 0.1 °C. Between 241 K and 283 K (-29°C and 10 °C), the sample
container is immersed in a Dewar containing a substance at its melting
point. Decane (m.p. = -32.1°C), dodecane (m.p. = —10.6°C), pentadecane
(m.p. = 10.6°C), and deionized water (m.p. = 0.3°C), were employed as
cooling substances. The melting point temperatures measured with cali-
brated thermometers (Normschliff Gerdtebau Wertheim, Germany) differ
slightly from the literature values [24] probably due to the presence of impu-
rities. In the temperature range 288 K to 296 K (15 °C to 23 °C), the sample
is kept at a constant temperature using a circulating water thermostat
(Haake 001-1407, Germany).

Precursor Loading: Precursor loading is carried out in a dry nitrogen-
purged glove box to reduce contact between the precursors and water vapor.
After mounting onto the vacuum system, the precursor container is evacu-
ated to a rough vacuum; further evacuation is carried out by applying sever-
al freeze-pump-thaw cycles.

To guarantee the purity of the precursor, several measurements were col-
lected for each load until reproducible pressure values were obtained. After
each measurement, the whole measuring volume, except the cooled contain-
er, was evacuated to about 10~ Pa.

36 © WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2001
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Fig. 6. Schematic drawing of the temporal pressure evolution of stable (left)
and partially decomposing (right) compounds.

Data Acquisition: The pressure versus time evolution can vary depending
on the precursors. Typical curves for stable compounds (left) and partially
decomposing compounds (right) are shown in Figure 6.

Stable compounds Figure 6 (left), need several minutes to reach an equi-
librium pressure (B) which then remains constant for about 40 min. The
slight pressure increase that occurs at point (C) is due to a temperature gra-
dient following sedimentation of solid onto the bottom of the Dewar. Only
the equilibrium values were taken into account when calculating the mean
value and standard deviation of the vapor pressure.

Partially decomposing precursors show a continuous pressure increase
with time, as shown schematically in Figure 6 (right). After reaching thermal
equilibrium (B), the pressure increases at a constant rate. Because leaks and
degassing from the walls of the system can be discounted, the pressure in-
crease probably results from partial decomposition of the precursor. We as-
sume that the intercept of the measured pressure data (the length C in
Fig. 6 right) represents the vapor pressure of the precursor, Pyg, as proposed
in the literature [8]. In the case of precursor decomposition, the slope of the
temporal pressure increase after (B) is assumed to be the decomposition
rate of the precursor compound.

The pressure values were acquired over a period of 2000 s to 8000 s. At
least three consecutive measurements were carried out at each temperature.
All measurements show good reproducibility.

Data Processing: Because the temperature of the pressure gauge differs
from that of the precursor container, the vapor pressure measurements can
be influenced by thermal transpiration. The detected pressures are corrected
to the temperature of the precursor compounds with an empirical thermal
transpiration correction factor [25,26]. The corrections are always smaller
than 5 % of the measured values, thus resulting in a smaller than 5 % correc-
tion of the sublimation/evaporation enthalpy.

The mean values of the vapor pressure of a compound at each tempera-
ture are represented in a logarithmic pressure [Pa] versus 1/7 [K] plot. The
error bars on the ordinate (pressure) indicate two times the standard devia-
tion, whereas the error bars for the abscissa are smaller than the symbols.
The data was fitted to an integrated form of the Clausius—Clapeyron equa-
tion.

logip = A + BIT )

The fitting was weighted by the ratio of the standard deviation to the
mean value. The errors for the fitting constants A and B indicate the stan-
dard error for the fitting calculation.

Determination of the Sublimation Enthalpy: With a negligible condensed
phase molar volume compared to the gas phase molar volume and an appli-
cation of the ideal gas law, the sublimation/evaporation enthalpy, AH, of sol-
ids or liquids can be obtained, as in Equation 2 [27].

dlnp

AH = -R =
d1jT

—2303 R B (2)

R [Jmol' K™ is the gas constant, and B [K] is the fitting constant for
Equation 1. The error for AH is derived from the error for the fitting con-
stant, B.

Precision Limit of the System: Background pressure measurements at
room temperature resulted in a stabilized constant pressure of 0.3 = 0.15 Pa
after two outgassing cycles, with the statistical fluctuation corresponding to
the smallest measurable value of the pressure gauge controller. Measure-
ment of vapor pressures larger than 1 Pa is, therefore, reasonably reliable.

Calibration Measurement: The system was calibrated using hexamethyl
disiloxane (HMDSO), a standard for which several vapor pressure data are
available [28-32]. Our measured vapor pressure at 241.1 K (-32.1°C) and

Chem. Vap. Deposition 2001, 7, No. 1
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262.6 K (-10.6 °C) are in good agreement with the extrapolated fitting curve
of these reported values, especially with the results of Reuther and Reichel
[28], and Grinberg et al. [29].
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