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Pulsed laser excitation of bis(2,2,6,6-tetramethyl-3,5-heptanedionato)copper(ll) (Cu(TMHD),) in the gas phase produced
neutral gaseous copper atoms and nanoparticulate copper deposits on substrates. Copper atoms were formed by
the complete dissociation of the ligands from the metal. Time of flight mass spectrometry and resonance enhanced
multiphoton ionization spectroscopy were used to study the details of this reaction and led to the discovery of other
gaseous fragments that were produced by incomplete fragmentation of the ligands including monoligated species
and coordinated ligand fragments. Laser-assisted chemical vapor deposition resulted in monodispersed nanoparticles
under 100 nm in diameter. X-ray photoelectron spectroscopy and energy dispersive analysis of X-rays were used
to determine the elemental composition of the deposit. The relationships between the photofragmentation pathways

and the deposited particles are discussed.

Introduction

Photodeposition of copper from gas phase precursors has
been extensively studied. Copper has been photodeposited
in the form of nanoparticles and thin films using UV and
visible light excitation from a small number of precursors.’
The bulk of the research on copper precursors was done on
Cu(hfac)(TMVS) (hfac = 1,1,1,5,5,5-hexafluoro-2,4-pen-
tanedionato; TMVS = trimethylsilylethene),” ® Cu(h-
fac),,” '? and Cu(TMHD),."' "' Other copper precursors
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that have been studied include Cu(hfac)(COD) (COD = 1,5-
cyclooctadiene),'” Cu(hfac)(MHY) (MHY = 2-methyl-1-
hexene-S—yne),18 Cu(acac), (acac = 2,4-pentanedi0nat0),19
CuCp(Et;P) (Cp = cyclopentadienyl; Et;P = triethylphos-
phine),?® Cu(tfa), (tfa = 1,1,1-trifluoro-5,5-dimethyl-2,4-
hexanedionato),?' and Cu(baa), (baa = fert-butylacetoacetato).”

Recent studies in gas phase photochemistry of metal-
containing chemical vapor deposition (CVD) precursors
monitored by mass spectrometry have uncovered unique
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photofragmentation patterns.>* > Although the atomic metal
species tend to be the dominant products, other metal-
containing photofragments can form as well. The formation
of these fragments can be enhanced under certain conditions
such as optimal wavelengths and laser power.??>*2773! A
correlation between the photodeposits and these photofrag-
mentation patterns would prove to be useful.

Although many studies have analyzed the photodeposited
copper films, research about the photochemical mechanisms
leading to the formation of the deposits is scarce. A time of
flight mass spectrometry (TOF-MS) study on Cu(hfac), using
photoionization suggested that ligand fragments could con-
tribute to the photodeposits in copper films deposited by
laser-assisted chemical vapor deposition (LCVD).**> How-
ever, no investigations into the detailed photofragmentation
pathways of gas phase copper-containing LCVD precursors
have been reported. This research would provide insight into
which ligand atoms could be incorporated in metal films,
which mechanisms the precursor could follow to produce
the deposits, and better precursor and wavelength selection
to avoid unwanted byproduct.

In this work, we report on the photofragmentation path-
ways and the photodeposition of bis(2,2,6,6-tetramethyl-3,5-
heptanedionato)copper(Il) (Cu(TMHD),). The gas phase
photofragments were deposited onto a silicon substrate using
both UV and visible excitation and were examined by
scanning electron microscopy (SEM), energy dispersive
analysis of X-rays (EDAX), and X-ray photoelectron spec-
troscopy (XPS). The results showed a strong atomic copper
presence with smaller amounts of copper oxide and copper
carbide. TOF-MS was used to characterize the photofrag-
mentation of the compound. The dominant metal-containing
ion detected using UV and visible excitation was Cu™. Other
metal-containing fragments, including CuC* and CuO*, were
also discovered, leading us to elucidate detailed photofrag-
mentation pathways that suggest how the photodeposits were
created.

Experimental Section

Materials. Bis(2,2,6,6-tetramethyl-3,5-heptanedionato)copper(I1l)
was purchased from Strem and used without any further purification.
Spectroscopy. Photoionization mass spectra were measured in
a TOF mass spectrometer that was constructed based on a design
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in the literature.>* UV excitation was performed at 355 nm (~60
mJ/pulse, ~10° W/cm?) using a Quantel Brilliant Nd:YAG laser.
Visible excitation was achieved using an OPOTEK optical para-
metric oscillator pumped by the third harmonic of the Nd:YAG
laser in the range of 410—680 nm (~30 mJ/pulse, ~10% W/cm?, 6
ns pulse width, 10—20 cm™! bandwidth). An optical KV-389 filter
is used to eliminate residual pump (355 nm) from the visible laser
beam. Photoionization occurs in a stainless steel cube (30 cm edges)
equipped with quartz windows and evacuated to less than 1076 Torr
by a 6 in. diffusion pump fitted with a water cooled baffle. The
precursor is sublimed to 80 °C and enters the chamber entrained
in He with a backing pressure of 10° Torr through a pulsed nozzle.
The high speed solenoid valve (General Valve series 9, 0.5 mm
orifice) sends a 0.2 ms pulse of the sample to intersect the ionization
laser beam at 90° between two accelerator plates. The fragment
ions are accelerated through a 1 m flight tube kept at 107> Torr
using a Varian V300HT 6 in. air cooled turbomacromolecular pump.
The voltages on the accelerator plates are 3000 V, 2100 V, and
ground, respectively, in order from farthest to nearest the detector.
Ions are detected using a 40 mm diameter triple microchannel plate
detector assembly (Jordan TOF Products, Inc.) set at —3400 V.
The ion signal is processed using a Tektronix TDS2022 200 MHz
dual channel digital oscilloscope interfaced with a PC.

Gas phase luminescence spectra were obtained in an evacuated
stainless steel six-way cross with synthetic fused silica windows.
A sample of the precursor is placed in a glass U-tube with Teflon
needle valves. The U-tube and six-way cross are heated to
approximately 80 °C and the sublimed precursor is seeded with a
carrier gas (He) before the gaseous mixture enters the chamber.
The six-way cross is also fitted with a roughing pump that maintains
a medium vacuum inside the chamber. The focused output of the
Nd:YAG laser excites the gaseous sample, and the emitted light is
collected at right angles and directed into a 0.32 m monochromator
(Instruments SA, Inc., HR320). The emitted photons are dispersed
by a 600 groove/mm holographic grating and detected by a
Princeton Instruments ICCD camera (PI-Max 1024RB).

Deposition and Characterization. Photodeposition was per-
formed on a silicon wafer (Sb doped, 100 orientation, 0.005—0.02
Q resistivity, 475—575 um thick) using the same setup as that in
the gas phase luminescence experiments. SEM images were
collected on a JEOL JSM-6700F field emitting scanning electron
microscope equipped with an EDAX detector. The nanoparticles
created from the photodeposition were coated with gold using a
sputterer (Hummer 6.2, Anatech LTD, plasma discharge current
= 15 mA at 70 mTorr) before they were examined by SEM. XPS
spectra of the samples were collected with a PHI 3057 spectrometer
using aluminum Ko X-rays at a 25° detection angle with respect
to the surface normal.

Results and Discussion

1. Photodeposition. LCVD of Cu(TMHD), was used to
deposit nanoparticulate Cu with UV and visible excitation.
Using pulsed UV excitation (355 nm, ~60 ml/pulse),
deposits began forming almost immediately on the silicon
substrate. A slightly unfocused beam was used to prevent
ablation of the silicon. However, because of much lower
power output (~30 mJ/pulse) from the laser using the OPO
and weaker molecular absorption in the visible, a focused
beam was used to deposit the precursor with visible excitation
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Figure 1. SEM images of photodeposited copper nanoparticles on a silicon
substrate using visible excitation.

(413 nm). Deposition time using visible excitation was an
order of magnitude longer (~3 min) than that for UV
excitation.

The deposits created from UV and visible excitation
formed nanoparticles on the surface of the silicon substrate.
SEM scans showed that the sizes of the nanoparticles were
under 100 nm in diameter as seen in Figure 1. The only
observable difference of the surface morphologies between
the deposits resulting from UV and visible excitation was
that the UV excitation created more nanoparticles and
eventually began to form a smoother metallic surface.

Analysis of the composition of both the UV and the visible
photodeposits yielded similar results. XPS and EDAX spectra
showed a strong copper signal in both types of deposits. In
addition, the presence of oxygen and carbon on the surface
was observed. As seen in Figure 2, the data obtained from
XPS show clear CuO signals in addition to atomic Cu. The
CuO signals could indicate that a small oxide monolayer
formed above the deposited copper when the substrate was

exposed to air. The XPS results also show a small shoulder
near the CuO peak which could indicate the presence of CuC.
The CuC presence may result from incomplete photofrag-
mentation in the gas phase and depositing carbon-containing
fragments onto the silicon substrate.

The particles formed by LCVD are surprisingly uniform
in size. Kinetic studies of Au and Cu nanoparticles and
ZnCdSe quantum dots deposited by thermal CVD have
attributed their formation to Ostwald ripening.>>*” The
Ostwald ripening process explains how small nanoparticles
evolve to form larger nanoparticles. Molecules on the surface
of a particle are less energetically favorable than molecules
inside the framework of the particle and, as a result, attract
other molecules to form a larger framework.

II. Photofragmentation Studies. TOF-MS studies of
Cu(TMHD);, in the gas phase revealed a very strong presence
of Cu®. Using visible excitation, Cu' had the greatest signal
intensity surpassing that of t-butyl®. Other ions that were
produced included heavier copper-containing fragments that
yielded a much lower signal intensity and will be discussed
later in Section III. Using UV excitation, the Cu* signal was
not the most prominent. Instead, the 7-butyl fragment had
the highest signal intensity. #-Butyl photodissociation is a
known mechanism among TMHD precursors.”® Similar to
the results obtained using visible excitation, heavier copper-
containing ion fragments were also detected but with less
signal intensity. The heavy mass ions were more prominent
using visible excitation than using UV excitation because
of lower photon energies and pulse energies from the laser.
Figure 3 shows a typical TOF-MS spectrum from blue (413
nm) excitation.

Wavelength dependent photofragmentation studies were
also performed on this molecule. The resonance enhanced
multiphoton ionization (REMPI) spectrum of the Cu* signal
intensity as a function of wavelength is shown in Figure 4.
Sharp peaks corresponding to neutral copper atom transitions
were observed. Neutral atomic copper can be ionized if the
monatomic species is excited with three photons or more of
wavelengths less than 480 nm. The Cu transitions that were
observed occurred at known atomic copper absorptions of
428 nm (4p” “P° — 55’ “D), 453 nm (4p 2P° — 6s 2S), and
465 nm (4p’ *F © — 55" “D).>**° The presence of these Cu’
lines in the REMPI spectrum are proof that neutral copper
atoms are formed in the gas phase.

Luminescence studies of the precursor in the gas phase
also showed known emission lines from excited states of
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Figure 2. XPS (a) and EDAX (b) characterization of the photodeposits using visible excitation.

: |\“'—i—5|l3u{TMHDvJ'-va3Ma}'
h u{TMHD - Houtyl - 2 Me)”
butyl® | Aﬁf/_i,fﬁulTMHDAr-mMAMe)'
oty LIRS Cu(TMHD -2 Me)*
\ l‘I fi | Gu(TMHD - Me)"
Y \\ ! | / f GU(TMHD)(TMHD - 2 butyl + H)”
* | YUY
+—Cu B ' / } u(TMHD)”
r ’ ,{ ¥ Cu(TMHD)(TMHD - t-butyl)”
% e"---"!v *. & 1
2 VXA i Cu(TMHD),
s L
£ : v"“”‘n‘"'r‘: s I‘I"\_ L i A
@ : A Yy W
ﬁ T T T T T I. :
g 150 200 250 300 350 400 450
CuC' - CuCH,’
Cu(CO)"
‘ l | Cu(C,H,0)
| + .
, “ I ‘ Cu(CO), Cu(TMHD - t-butyl)
| |t H' AL A, l
AT 1 U L LT | R LW 2 o T e N e
0 50 160{ 150 200
m/z

Figure 3. TOF-MS spectra from the 413 nm excitation of Cu(TMHD),. The weaker large mass peaks are shown in the inset.
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Figure 4. REMPI spectrum of Cu’ formation vs excitation wavelength.
The arrows show resonances with neutral atomic copper transitions (428
nm = 4p” *P’ — 55" “D, 453 nm = 4p 2P° — 6s %S, and 465 nm = 4p’ ‘F°
— 5¢“D).

neutral atomic copper. As seen in Figure 5, the known
transitions that were observed occurred at 510 nm (4s% ?D —
4p 2P%, 5/2 — 3/2J), 515 nm (4p 2P° — 4d D, 1/2 — 3/2J),
522 nm (4p 2P’ — 4d ?D, 3/2 — 5/2 J), 529 nm (4p” ‘D" —
5¢" D, 7/2 — 7/2 1), 570 nm (4s*> 2D — 4p ?P°, 3/2 — 3/2 1)),
and 578 nm (4s> 2D — 4p 2P°, 3/2 — 1/2 J).*>*° These results
provide further evidence of the formation of neutral copper
in the gas phase by the complete dissociation of the TMHD
ligands.
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Figure 5. Gas phase luminescence spectrum observed from the excitation
of Cu(TMHD), at 355 nm. The arrows indicate neutral atomic copper
transitions (510 nm = 4s? 2D — 4p 2P°, 5/2 — 3/2J, 515 nm = 4p 2P’ — 4d
D, 1/2 = 3/2 1,522 nm = 4p ?P° — 4d °D, 3/2 — 5/2 J, 529 nm = 4p’ *D°
—5¢"%D,7/2 — 7/21,570 nm = 4s>?D — 4p ?P°, 3/2 — 3/2 ], and 578 nm
=4s22D — 4p ?P°, 3/2 — 1/2]).

III. Pathways to Cu. TOF-MS studies also revealed
sequential fragmentation patterns where the precursor mol-
ecule sheds pieces of the ligand producing large metal-
containing ions. From these ions, detailed photofragmentation
pathways were determined.

The heaviest masses and most prominent peaks were
formed from the loss of #-butyl groups from each ligand
(Figure 6a). As shown previously in studies of this compound
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Figure 6. Photofragmentation pathways: (a) sequential 7-butyl loss; (b) CO loss from the ligand fragment produced in (a); (c) -carbon loss from the ligand

fragment produced in (a); and (d) complete ligand loss.

using either photons or electrons as the ionization source,
the loss of a r-butyl group from a TMHD ligand is an
important step to reaching the formation of neutral cop-
per."' ™% As a r-butyl group dissociates, a hydrogen atom
from the dissociated #-butyl takes its place. This mechanism
has been reported using electroionization mass spectrom-
etry.** The replacement of a r-butyl with a hydrogen atom
would not have been observed without the dissociation of
the second #-butyl. Without this replacement, Cu(C;HO,)*
(132 m/z) would be an expected fragment, but Cu(C3H,0,)*
(133 m/z) is the observed ion fragment. All four fragments
following this type of dissociation were observed and varied
in intensity with Cu(TMHD — t-butyl)* being the largest
followed by Cu(TMHD — 2 t-butyl + H)*, Ca(TMHD)(T-
MHD — 2 tbutyl + H)", and Co(TMHD)(TMHD —
t-butyl)*. In Figure 6a, the photofragment, Cu(TMHD)(T-
MHD — 2 t-butyl + H)", is shown as having lost two #-butyl
groups from one ligand. It is not known whether the second
t-butyl group fragment is from the same ligand as the first
one or from the other intact ligand, because the results
obtained from TOF-MS return mass units and not structure.

Another very important dissociation step is the loss of a
CO group (Figure 6b). This fragmentation step only occurs
after the second t-butyl loss; Cu(OCHCHCO)" becomes
Cu(OCHCH)™". This step must occur after the loss of the
second r-butyl from the fragmenting ligand because the
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Chem. A 2006, 110, 13479-13486.

fragment Cu(OCfBuCH)* was not observed. This dissocia-
tion step was observed with a varying number of bonded
hydrogens ranging from zero to three hydrogens.

In addition to CO loss, another dissociation step that can
occur after the loss of both #-butyl groups from one ligand
is the loss of the 3 carbon (Figure 6¢). The Ca(OCHCHCO)*
ion fragment can lose CH,, which results in the formation
of Cu(OC),". Further fragmentation can lead to the formation
of Cu(OC)*" and CuO*, which was also observed. Again,
the ion fragment Cu(OCtBu), »* was not observed indicating
that this step must occur after the loss of the second #-butyl.

Some ions appeared only in trace amounts and under
extremely sensitive detection conditions, indicating that the
pathway leading to their formation occurs infrequently. The
loss of a methyl group from a coordinated TMHD ligand is
one example. The fragments (Cu(TMHD) — 1, 2, and 3 Me)*
and (Cu(TMHD) — t-butyl — 1, 2, and 3 Me)" were the
only ions detected originating from this kind of dissociation.
These ion fragments were detected in trace amounts when
the negative voltage on the detector plates was increased,
and because of their extremely low intensities, they are not
significant to the overall fragmentation of the molecule.

Inevitably, a final route to the formation of Cu is complete
ligand loss (Figure 6b—d). This can happen at any point
along the photofragmentation pathway. The coordinated
fragmenting ligands previously mentioned were observed as
fragments themselves including (TMHD — ¢-butyl)", (TMHD
— 2 t-butyl + H)*, (C,H,0)", and (OC)*.

IV. Pathways to CuO and CuC. The photofragmentation
pathways determined from TOF-MS scans exposed possible
pathways for the formation of the oxygen and carbon

Inorganic Chemistry, Vol. 48, No. 4, 2009 1659



presence detected in the XPS and EDAX studies. XPS
showed that CuO was the origin of the oxygen that was
detected in EDAX. Carbon was also discovered in the thin
films and, according to the XPS data, was possibly bonded
directly to copper.

The detection of CuO could be the result of a thin oxide
film that formed when the substrate was exposed to air. But
since the CuO™ fragment was detected in the TOF-MS scans,
it is also possible that the CuO in the deposits could have
been partly due to the formation of CuO by photofragmen-
tation. There are two possible pathways that could lead to
this end product. After both #-butyl groups are lost, the loss
of the 8 carbon leaves a copper-containing fragment with
two coordinated CO groups. Further fragmentation can
possibly lead to the CuO contamination that was observed.
Another possibility is that a CO group is lost after both
t-butyl groups are lost, and another copper-containing
fragment is formed with a coordinated C,H,O group. Again,
further fragmentation can lead to the CuO presence.

In the XPS scans, a very small presence of CuC was also
observed. CuC™ is observed in the gas phase. Since no carbon
is directly bonded to the copper atom in the precursor
molecule, the CuC presence could be a result of an internal
rearrangement observed in previous studies of other S-dike-
tonate precursors.*> The mechanism that was discussed
involved metal oxygen bond cleavage followed by an
interaction between the (3 carbon and the metal. Further
excitation of this fragment could lead to CuC extraction.

V. Unusual Photofragments. In addition to the photof-
ragments that form from sequential ligand degradation,
unusual small ion fragments were observed in the TOF-MS
studies. Metal diatomics form one important group. CuH*
(as well as triatomic CuH,") were seen using UV and visible
excitation and are believed to be formed by the same internal
rearrangement mechanism that leads to CuC. CuC™ (as well
as CuCH*, CuCH,", and CuCH;") was observed using UV
and visible excitation, and its formation was discussed
previously. Lastly, CuO™ was seen with both UV and visible
excitation and is believed to be a result of further fragmenta-
tion of the products of either the CO loss or the -carbon
loss. All three diatomic photofragments were observed with
significant intensities equal to or greater than those of the
heavier copper-containing ions.

(45) Muraoka, P.; Byun, D.; Zink, J. I. Coord. Chem. Rev. 2000, 208, 193~
211.
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Another set of unusual photofragments consists of the
products of the CO loss and -carbon loss mechanisms. After
the second #-butyl group dissociates from one of the ligands,
CO loss can occur and results in Cu(OC,Hy_3)". The
structure of this photofragment and the placement of the
hydrogens are not clear. Since a t-butyl group is replaced
with a hydrogen, it is assumed that at least one of the
hydrogens is bonded to the o carbon while the other one or
two hydrogens are bonded to the [f carbon in the three
hydrogen fragment. However, all three hydrogens could be
bonded to the § carbon. The structure of this photofragment
cannot be determined from the TOF-MS. Another possible
mechanism that could occur after losing a second #-butyl is
B-carbon loss. The resulting photofragment is Cu(CO),™.
Again, the bonding cannot be determined by relying solely
on the TOF-MS studies, but the Cu(CO)," cation was
observed with clear Cu isotopic ratios.

Summary

The photofragments from the LCVD of Cu(TMHD), were
deposited onto a silicon substrate. SEM images showed the
formation of sub-100 nm nanoparticles on the substrate.
EDAX and XPS spectra revealed a strong presence of Cu in
the nanoparticles along with CuO and CuC. The TOF-MS
scans of Cu(TMHD), revealed a strong presence of Cu™
formed in the gas phase by the complete photodissociation
of the ligands. The REMPI scans proved that neutral atomic
copper is formed in the gas phase by the enhanced formation
of Cu™ when transitions of Cu® at wavelengths of 428 nm,
453 nm, and 465 nm were excited. Gas phase luminescence
spectra of this precursor further confirmed the formation of
atomic copper in the gas phase by the detection of known
resonances of excited states of neutral atomic copper at
wavelengths of 510 nm, 515 nm, 522 nm, 529 nm, 570 nm,
and 578 nm. Detailed photofragmentation pathways that lead
to Cu, CuO, and CuC were discussed on the basis of the
copper-containing photofragments detected in TOF-MS
scans.
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