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The adsorption, reaction, growth, and the bonding configuration of a trinuclear linear metal atom chain complex,
tetrakis(2,2-dipyridylamino)chromium(VI) chloride (DPCC, €{us-dpa)Cl,), on the GaN(0001) surface at

110 K were studied using synchrotron-induced X-ray photoelectron spectroscopy (XPS) and static secondary
ion mass spectrometry (SIMS). XPS studies revealed three Cr chemical states of equal surface population
present on the sample surface exposed to DPCC of low doses. The SIMS spectra showed main signals
contributed from the sputter desorption of pyridine and the dipyridylamino ligand. Studies on small model
molecules, such as pyridine and dipyridylamine (Hdpa), exposed to the sample surface showed that upon
adsorption at 110 K, these small molecules were present on the sample surface in the molecular form only.
They yielded the molecule-Ga adducts formed during SIMS detection. The absence of these adduct signals
in the SIMS spectra taken from the DPCC-exposed surface indicated that DPCC chelates were not disintegrated
upon adsorption. Instead, DPCC chelates of low doses reacted with the surface via bond rupture of one of the
two terminal CrCl bonds on their central Cr atom chains, leaving the Cl atom separated from DPCC to
bond on the Ga site of the surface. The resulting chemisorbed DPCC chelate bonded to the surface via the
terminal Cr atom of its trinuclear metal chain, resulting in one end of the chain anchored to the surface and
the other oriented away from it. There was a change in the DPCC adsorption behavior as the exposure was
increased to high doses. The DPCC layer grew molecularly by physisorption at high exposures and the chelates
were present on the surface in an inclined configuration. The chelate effect from the presence of four chelating

groups in DPCC may provide the chelate its large stability and chemical inertness.

1. Introduction wide, but also tiny processors that are billions of times faster

The last 40 years have witnessed astonishing advances in théh"’m.the current Presco'Ft chip and better in terms of energy
field of microelectronics. Smaller and smaller devices with more required to do a calcqlgnon_. i . .
capability and better performance were progressively developed. Th(_a accelerated miniaturization of the _mtegrated circuit in
When the Intel 4004 was first introduced in 1971, the transistors the Si-based technology and the advance in the new technology
per die for microprocessors were just over 2300. By the time Of molecular-based nanocomputers have, however, posed many
the Intel Prescott was fabricated in the year 2004, the numberdreat challenges in the fields of materlz_als, processes and circuit
increased to 125 million. In fact, Advanced Micro Devices was 9€Signs. Among the challenges, the interface between nano-

able to fabricate chips in 2002 which contained standard CMOS Structures and the macroscopic world is one of the key issues
transistors with gate lengths of only 10 nanometers using a to be solved. Taking the communication among the nanodevices
design known as the Fin Field Effect Transistaand Intel in the chemically assembled electronic nanocomputer as an
targets the production-level realization of 20 nanometer transis- €x@mple, currently available signal wires are much bigger than
tors in computer chips for the year 200Rith continued the synthetic molecules created in the logic gate demonstrated

shrinkage on the critical dimension in computer chips, it is for the nanocomputérlt is essential, in this case, that the wires
predictec? on the basis of the analysis of fundamental, material, USed for its nanostructures to communicate with the outside
device, circuit, and system limits, that soon, the performance world and with one another be shrunk to a size with the diameter
of the Si-based integrated circuit will be based on a micropro- smaller or close to the size of the redox-active molecules that
cessor which has the transistors per die in the trillion range. Make up the logic gate in the nanostructure such that the ultimate
Significant breakthroughs have also been made recently onc@pability offered by thelsnanocomputer can be fully ut|1|72ed.
the technology leading to chemically assembled electronic 1he formation strated§™** and the electrical properties
nanocomputeréS Redox-active molecules behaving as on/off of interconnecting metal wires with nanometer to subnanometer
switches were synthesized and molecular switches strungdiameters are thus being investigated vigorously. _
together to function as AND and OR logic gates were 10 explore the possible formation of molecular metal wires
realized®8 The technology allows a monolayer-thick crystalline by chemical vapor deposition of metal chelates, the present work
layer, made of synthetic molecules, to absorb information in Studies the chemical bonding and the reaction chemistry

the form of an electrical charge and organizes it more efficiently involved in the adsorption, on the semiconductor surface, of
than that etched onto silicon chifis® With the advances of ~ the chelate which contains the atomic metal chain. The work

this new technology in the coming years, one may be able to Was made possible because of the recent success in the synthesis
build not only entire memory chips of just a few hundred atoms Of oligonuclear metal-chain complexés?! These complexes
have an extended metal atom chain in the center, which is
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ci2s ci3) electron spectroscopy (XPS) studies, and an ion gun (from VG
Microtech). The vacuum in the other system was maintained
by a 500 L/s turbomolecular pump. It was equipped with a
guadrupole mass spectrometer-@00 amu, from Inficon), used

for temperature-programmed desorption (TPD), another quad-
rupole mass spectrometer<300 amu, from VG Microtech),
used for static secondary ion mass spectrometry (SIMS), a
retarding field energy analyzer (from VG Microtech), and an
ion gun (from VG Microtech). An electron impact ionizer was
integrated to the Inficon mass spectrometer for detecting
neutrals. The details of the system design were described
o elsewhereé?

The GaN(0001) samples were acquired from Cree, Inc., and
had a Ga-terminated surface. They were ofit thickness
grown on sapphire and were undoped, with a carrier concentra-
tion of 3.7 x 108 cm™3. Prior to being placed under the vacuum,
the samples were subjected to a wet-chemical cleaning process,
including treatment of the surface wiaa 1 M NaOH solution
for 1 min at room temperature followed by rinse with deionized
water. After the treatment, the sample was clipped onto a thin
tantalum sheet, which in turn was mounted to a XYZ sample

Ct7) Ci24

Z
T

Figure 1. ORTEP drawing of the non-hydrogen atoms of(@s-dpa)- manipulator using tantalum clamps. A pair of Chromel-Alumel
Clz, showing atom labeling and the bonding of the dipyridyl ligands to  thermocouples was spot-welded to the tantalum sheet for
the central Cr atom chain. monitoring the sample temperature. For reference against the

. . . . thermocouple, an optical pyrometer was used. Once under
metal atoms in a linear fashion, with the number of the metal ultrahigh vacuum, the sample surface was sputtered by high-
atoms in the string as high as thirteen. The success ingnergy jons to remove impurities on the surface. To inhibit the
synthesizing linear metal-chain chelates not only allows one to fqrmation of metallic galliur®¥ on the GaN(0001) surface during
explore the fabrication of atomic metal wires by deposition, but sample cleaning, the sputtering was performed using nitrogen
also provides excellent model molecules for gaining fundamental jj 5. Repeated cycles of sputtering (500 eV, DA beam
understanding of the interaction of one-dimensional metal bondscurrent, 20 min) and annealing were carried out, with the

with the solid surface. annealing temperature of below 1050 K so as not to cause GaN
The atomic metal chain chelate used in this work was a decomposition in the high_temperature reg?érSamFﬂe an-
trinuclear chromium complex, tetrakis(2@pyridylamino)- nealing was obtained in this work by passing a high electrical
chromium(VI) chloride (DPCC, G(us-dpa)Clz). As shownin  cyrrent through the tantalum sheet, while cooling to 110 K was
Figure 1, the chelate has a central linear chain comprised of made possible by conduction from a nearby copper tank filled
three Cr atoms and terminated at both ends by Cl atoms. Theyth Jiquid nitrogen. A well-ordered but facetted surface was
cer_1tra| metal chain is encaged b)_/ four_dipyridylamino Iigands, obtained, as demonstrated by a hexagona 1 low-energy
which wrap around the chain helically in a syn-syn configura- glectron diffraction (LEED) pattern with satellite spots, after

tion?? Each ligand contains two terminal pyridyl groups, bridged sample cleanind No oxygen and carbon contamination could
together by one N atom, and has the hydrocarbon portion of e detected by Auger electron spectroscopy.

ther.gr?ufopo'gtt')g%gvg’:y;gglthti ?ﬁgttralor{]eerﬁl.r?;aénr';;2;2’\2; To admit DPCC molecules onto the GaN surface in the UHV
tpk?elc%/a?n al;%l the brid |Fr)1 N a%/om boncﬁ to thelmiddle Cr atom system, a Knudsen cell deposition source was specifically
ging " designed. It was made of a tantalum sheet of 0.20 mm thickness

Results of the present study on the DPCC adsorption on the - ; . )
wrapped into a cube, which may be heated by passing a high
GaN(0001) surface showed that the chelate structure of DF)Ccelectrical current through the Ta wires attached to the back of

was preserved upon adsorption at 110 K. At low doses, the Cr th . -
) e cube. Molecular evaporation of DPCC was verified b
Cl bond of DPCC was disrupted and the Cl-detached remnantOlepositing in a vacuum apthick film of DPCC on a stainles)s/

of DPCC bonded chemically to the surface via the terminal Cr L . ) .
steel plate and comparing its thermogravimetric analysis and

atom of the trinuclear central chain. The remnant resided on
- . . fast atom bombardment spectra to those measured before
the GaN surface with the nonreacting end of the metal chain . o ; )
evaporation. The dose reported in this study is the corresponding

pointing away from the s.urface. The Cl atom detac.hed from background exposure at the sample surface and expressed on
DPCC bound on the Ga site of the GaN surface. At high doses, . . _ 6
the unit of langmuir (1 L= 1 x 107° Torr s). The exposure

DPCC physisorbed molecularly on the sample surface. The . o
molecular axes of most physisorbed DPCC chelates may pePressure was measured with an ionization gauge and was kept
below ~2 x 107° Torr. The reading of the gauge was

inclined toward the surface. uncorrected for the corresponding sensitivity.

XPS measurements were performed by means of synchrotron
radiation on 6m HSGM beamline of National Synchrotron

The experiments were performed in two different ultrahigh Radiation Research Center, Taiwan, with the photon energy of
vacuum analysis systems. One of them was pumped by a 220250 eV for Cr 3p, Ga 3d, and Cl 2p and of 350 eV for C 1s.
L/s ion pump and a titanium sublimation pump. It was equipped The incident angle of photons to the surface normal w&s 45
with a residual gas analyzer (from Inficon), a retarding field and photoelectrons were collected with the analyzer normal to
energy analyzer (from VG Microtech), a CLAM II electron the sample surface. The single-component spectra shown in the
energy analyzer (from VG Microtech), used for X-ray photo- XPS Ga 3d and CI 2p plots in this article were extracted from

2. Experimental Section
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mle ratio revealed that these peaks resulted from the sputter

. - S ) desorption of Ga isotopes from the substrate. A number of
Figure 2. Positive (left) and negative (right) secondary ion mass spectra . e
of a GaN(0001) surface exposed to the indicated doses of DPCC. All small peaks atve52, 78, 130, 172, and 222 were also identified

spectra are recorded at 110 K. in the spectrum. As mentioned before, there are four dipyridyl-
amino (NH,Cs—N—CsHyN, designated as dpa hereine 170)
the raw data by using a standard Spmbn decoup”ng |igands in DPCC Wrapping hellca”y around the trinuclear Cr

procedurd with spin—orbit energy splitting values of 0.45 and (/e 52) atom chain, with each ligand containing two pyridyl
1.60 eV and branching ratios of 3:2 and 2:1 for Ga 3d and CI (CsHaN, designated as py hereim/e 78) groups. Considering
2p, respectively. The background in all the XPS spectra was Various mass combinations for the p035|ble. sputtered species
removed using Shirley’s algorittiprior to the curve fitting ~ Made up from segments of DPCC under ion bombardment
with the Gaussian-broadened Lorentzian function. The binding Showed that then/e 172 peak observed in Figure 2a contained
energies in the Spectra are referred to metallic %aﬂlgg a contribution from deSOfptlon of the |Igand in the form of
eVv.29 dpak™. The mass signal observedrate 78 may be attributed
SIMS measurements were performed with the sample posi- 10 the pyridyl unit, py, breaking away from the dpa ligand. The
tioned in line-of-sight of the mass spectrometer (nondifferentially M€ 52 peak was ascribed to the emission of @ns from the
pumped). A primary beam of 2 keV energy was used to bombard DPCC-exposed surface. As will be discussed later, the observa-
the sample, with the impact angle measured from the surface!ion of the Cr signal in the positive SIMS spectrum does not
fixed at 45 degrees. The ion gun was differentially pumped and IMPly that most DPCC chelates adsorbed on the surface were
operated at a pressure ofs3 10~ Torr when SIMS spectra completely_ dissociated to expose their central metal atoms to
were recorded. With respect to the large cross section for sputtertn® Probe ion. The lower ionization energy of the metal atom
desorption and damaging, the ion flux was held within the-0.5  iké Cr, as compared to the ionization energy of organic species,
1.5x 10-° Amp/cn? range. A bias voltage of 22 V was applied MaY result in the relatively large peak intensity observed in the
to the sample to increase the measured yield of secondary ionsPOSitive SIMS spectrum ai/e 52 even at the surface electronic
Data collection was accomplished using an interface system condition when the bombardment-induced Cr atom desorption

designed by VG Microtech. The typical data collection time 'S smaller than that of the organic neutrals. It may also facilitate
was <10 min/spectrum. the SIMS detection of other Cr-containing species, such as

pyCrt (m/e 130) and dpaCr (m/e 222), observed in the figure.
The m/e 35 and 37 peaks observed in the negative SIMS
spectrum were attributed to Cisotopes.

3.1. DPCC Surface Reaction at 0.42 LThe reaction of 3.1.1. GDsN Reaction. To better understand the low-
DPCC on the GaN(0001) surface at 110 K was initially studied temperature adsorption behavior of DPCC on GaN(0001) and
by static secondary ion mass spectrometry. Presented in Figurdo verify the above assignments of the major peaks obtained in
2 are the positive (on the left) and the negative SIMS (on the the positive SIMS spectrum of DPCC adsorbed on the sample
right) spectra taken from a GaN(0001) surface exposed to surface, studies about the adsorption of the component molecules
several different doses of DPCC. At the low dose of 0.42 L of DPCC, namely, the ligand molecule (Hdpa) and pyridine,
(Figure 2a), the positive SIMS spectrum obtained was dominatedon the sample surface were conducted. Presented in Figure 3a
by two intense peaks measuredrét 69 and 71. Their intensity s the positive SIMS spectrum taken from the GaN(0001) surface

3. Results and Discussion
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exposed at 110 K to 4DsN of 0.22 L. As shown in the figure,  decomposition, on the GaN surface. It may thus contribute to
in addition to the peaks observedrate 69 and 71, due to the  the SIMS signal atw/e 78, instead of atn/e 80, as shown in
sputter desorption of Gaisotopes, the SIMS spectrum taken Figure 2a.

from the deuterated pyridine-exposed GaN(0001) surface con-  3.1.2. Hdpa ReactiorResults of the studies on the reaction
tained peaks atm/e 85, 153, and 155. Since hydrogen is a of the ligand molecule on the sample surface also support the

common impurity found in GaR}-*'the peak measured afe peak assignments made above for Figure 2a and show that the
85 in Figure 3a was ascribed to the sputter desorption of the presence of the dpati signal in Figure 2a is not mainly due to
hydrogenous pyridine, in the form ofsOsN—H™" (pyridine- the DPCC decomposition on the GaN surface. Figure 3b shows

H™), generated from the adsorbed deuterated pyridine moleculethe positive SIMS spectra taken from the GaN(0001) surface
acquiring a surface Hspecies nearby during sputtering. The exposed to Hdpa of 0.017 L at 110 K. As shown in the figure,
peaks detected at'e 153 andnve 155 was assigned as due to  exposing Hdpa onto the sample surface gave rise to SIMS peaks
the sputtering of pyridine-Ga adducts;(&EN-*Ga" and GDsN- at m/ e 69, 71, 172, 240, and 242 exclusively. The peaks
"iGa") from the sample surface. Results of the study D4l observed aim/e 69 and 71 resulted from the sputter desorption
adsorption on the sample surface thus imply that, once formedof Gat. The observation of the SIMS peakrate 172 in Figure
from the decomposition of DPCC, the pyridine molecule may 3p from the Hdpa-exposed GaN(0001) surface supports our early
be stable and remain intact both in its presence at 110 K on theascription of the peak observed at the samle position in
GaN(0001) surface and during its sputter desorption by the probefrigure 2a to dpabt. The intensity ratio for the doublet peaks
ion in SIMS. The observed Stabl'lty of the pyridine molecule observed atrv/e 240 and 242 in Figure 3b was close to that for
on GaN(0001) thus supports the ascription of tle 78 peak  the peaks measured ate 69 and 71, indicating that theve
observed in Figure 2a to the intact pyridyl group of DPCC. 240 and 242 peaks were contributed from the sputtered species

Thenm/evalue of the pyridine signal obtained from the DPCC- containing Ga isotopes. These two peaks, obtained from the
exposed sample surface, however, indicated that the pyridineHdpa-exposed sample surface, were thus assigned as due to
species detected in the SIMS spectrometer had a compositionrHdpaGd. As shown in Figure 2a, there were no signals detected
of CsHsN™ (mve 78), not of GHsN—H™ (m/e 80) as one would at these twar/e values from the GaN(0001) surface exposed
have predicted from the SIMS spectrum, shown in Figure 3a, to DPCC at 110 K, however. Similar to the arguments made
obtained from the pyridine-exposed surface. The discrepancypreviously based on the SIMS spectrum obtained from the
may arise from the adsorbed DPCC undergoing the surfacepyridine-exposed GaN(0001) surface, the presence of the
decomposition and/or the bombardment-induced bond rupturedpaH,®™ peak and the absence of the HdpaGar dpaGa)
at low exposures. Defects including grain boundaries are knownsignal in the SIMS spectrum taken from the DPCC-exposed
to be present on the GaN crystalline surf&&&> Upon DPCC surface indicated that the chelate structure of the DPCC
adsorption at low exposures, the decomposition of DPCC on molecules may remain intact upon their adsorption at 110 K
the GaN surface may be induced in the presence of theseon the GaN(0001) surface. The DPCC decomposition to form
defect8®37to yield small fragments of DPCC, including possibly isolated dpa species bonded on the surface may not be the main
the pyridyl group e 78), on the surface. On the other hand, process taking place that led to the observation ofnfee172
during the time when the SIMS spectrum was taken, collision peak in Figure 2a. Instead, the dpa ligands may be sputter
cascades, initiated by the probe ions, may be generated in ordesorbed from the adsorbed DPCC molecules during SIMS
extended to the adsorbed, bulky DPCC molecule. Part of the measurement. The attribution of the major SIMS peaks obtained
ion energy may thus be dissipated inside the molecule. Thein Figure 2a to the bombardment-induced bond rupture, due to
chemical bonds holding the pyridyl group in position in DPCC the dissipation of the probe ion energy in the large admolecule,
may then be broken to cause sputter desorption ofritee/8 of the stable DPCC adsorbed on the sample surface also
species. In neither case were intact pyridine molecules generatedexplained the presence of the pyGnmv/e 130) and dpaCr (m/e
The SIMS spectrum taken from the DPCC-exposed surface thus222) peaks, instead of the pyGand dpaGé peaks, in the
did not exhibit a peak atve 80 (pyridine-H"). The fact that no SIMS spectrum shown in Figure 2a.
pyridyl-Ga adducts (§HsN-%9Ga” and GHuN-"'Ga’, m/e of As mentioned before, the possibility of the adsorbed DPCC
147 and 149) were detected in the SIMS experiment done onmolecule undergoing the defect-induced surface decomposition
the DPCC/GaN(0001) system (see Figure 2a), in contrast to thaton the GaN surface cannot be completely ruled out. Results of
observed in the deuterated pyridine/GaN(0001) study (see Figurethe studies about the ligand reaction on GaN(0001), however,
3a), indicated that the bombardment-induced fragmentation of showed that the possibility was very slim. As shown in Figure
DPCC was more likely to occur than the surface defect-induced 3p, no pyridine signal (pyyatm/e 78 or pyridine-H atm/e 80)
decomposition of DPCC. The chelate effect from the presenceyas detected from exposing Hdpa to the sample surface. Only
of four chelating dpa groups provides the DPCC complex a few peaks corresponding to molecular adsorption of Hdpa
molecule its large molecular stability and chemical inertness were observed in the SIMS spectrum. The ligand molecule, thus,
such that the chelate structure of DPCC did not disintegrate did not decompose on the GaN(0001) surface at 110 K. It
readily on the GaN surface at 110 K. Instead, as will be indicated that then e 78 peak observed in Figure 2a did not
discussed later, only the terminal ©CI bond on the central  result from the decomposition of the dpa ligand already severed
atom chain of DPCC may be cleaved during DPCC reaction at from the adsorbed DPCC chelate, if DPCC had fragmented on
110 K with the GaN surface. the sample surface at 110 K. Thée 78 (py*) and them/e 172

The possibility of DPCC decomposition on the defect sites (dpaH:*) signals shown in Figure 2a were, therefore, not
of the bare GaN surface, however, cannot be completely ruled produced sequentially in a series of surface reactions. Examining
out. In this case, the pyridyl groups generated from the defect- the DPCC structure shows that the pyridyl group is bound tightly
induced DPCC decomposition may bind chemically to the in the DPCC chelate, via a-€N bond to the rest of the dpa
surface. They are not readily converted thermodynamically to ligand and a N-Cr bond to the central metal atom chain.
the pyridine molecule because of the large diffusion bafriét Without scission of the dpa ligand from DPCC by fragmentation
of the hydrogen atoms present, as the residue or via DPCCfirst, an intact pyridyl group may not be easily generated in the
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surface reaction of DPCC. The exclusion of the formation of
m/e 78 from the surface decomposition of the ligand, as revealed Cr3p Cr,(n,-dpa),Cl, / Ga?ﬂ:‘:&
in Figure 3b, thus further diminishes the possibility that the
DPCC complex may decompose on the GaN surface at 110 K.

For a direct comparison of the adsorption chemistry involved Exposure
for the GaN(0001) surface exposed to DPCC and Hdpa,
respectively, the positive SIMS spectrum shown in Figure 2a 74L
is redrawn in Figure 3c. Assuming that the bonding strengths
of dpa-M (M = Ga or Cr) are simild®42 and the surface 2
potentials for positive ion formation in these two chemical ]
systems studied identical, the relative signal intensities observed 2 3.9L
in the spectra taken from these two systems should reflect to = © ’
some extent the surface concentration of the adsorbate species, o
i.e., DPCC or Hdpa, in each system. To facilitate visual x 2.6L
inspection/extrapolation of the adsorbate concentration present 3 - .
on the surface, the spectra in Figure 3 were normalized (b)
according to theinv/e 69 signal intensities. Since in these two i g é 2.0L
systems, the intensity of theve 172 peak increased at the v
expense of that of theve 69 peak at increasing exposures, the @ e Y asey
observed similar intensity ratio$;7J/lse, Of these two peaks )& 082
shown in Figure 3b obtained from 0.017 L Hdpa exposure and Riinitin i S
in Figure 3c from 0.42 L DPCC exposure indicated that an 38 40 42 44 46 48 50 52 54
exposure roughly 25 times higher for DPCC than for Hdpa was Binding Energy (eV)

required to achieve similar surface coverage. This analysis Figure 4. XPS spectra of Cr 3p obtained from the GaN(0001) surface
suggests that, since a DPCC molecule can block more surfaceexposed at 110 K to the indicated doses of DPCC.

Ga atoms from being detected by SIMS than a Hdpa molecule . . o .
because DPCC is more bulky, the sticking probability of DPCC chemical environment. It is tied to two Cr atoms of the chain,

on GaN(0001) may be far less than that of Hdpa at 110 K. i addition to its C-N bonding to the N bridge of the dpa
39 D(PCC )Surf)allce Reaction between 0.8 apnd 21 1As ligand. A free DPCC molecule should thus possess two different

. Cr chemical states. As discussed above, the SIMS spectra taken
the I.DPCC exposure was .|r.10reased frpm .0'42 to 2.9 L, the from the GaN surface exposed to DPCC revealed that the chelate
relative SIMS signal intensities, shown in Figure 2, of the Cr

structure of DPCC adsorbed on the sample surface remained
(miﬁ 52), ptf (rg/ﬁ\/@)’ ano: dpab érrvfeti]n) ﬁfagz obzeg\;ed mostly intact at 110 K. The prediction based on the intramo-
In the positive > Spectrum and o e Qe an ) lecular bonding structure of DPCC and the SIMS results thus
peaks in the negative spectrum increased along with a large

d in the relative intensity of 69 and 71) sianal also support the above statement that there should be more than
ecrease in the refative intensity o t_-:(am/e v and / ) sSIgnals. — one oxidation state for the Cr atoms present in the DPCC chelate
There was a change in the SIMS intensity distribution as the

further i d10 3.4 L and hiaher. The relat adsorbed on the GaN surface.
g)ipos!:'re Wa}sthur C(;r;?vcr%z;se %ﬁ' m/ar130 '9 e; d eé? alive " peconvolution of the Cr 3p XPS profiles by peak fitting was
Irr]n/enSZIZI;S 0 ke (e )d F:y th ( de ): aln72 pa K carried out. It showed that the Cr 3p spectra obtained at DPCC
.( te " ). peaxs, gom%a{e i ?I e’th ﬁWSPCC) pea exposures of less than2.9 L could not be fitted well with
|nhenS| Y, tlhncreasfeth su Sﬁ?” '78‘83’ W('j cr € e 35 edx%c;sure, only two component peaks each. The best fit of these spectra
whereas those of the b.y( e 78) an (e 35 an ). was obtained when at least three subpeaks, positioned at 43.6,
peaks decreased. It indicated that there may be a change in th

; . GA‘f4.7, and 45.9 eV, respectively, were assumed in the fitting. It
DPCC adsorption behavior on GaN(0001) at the exposure indicated that there were three chemical states associated with
between 2.9 and 3.4 L.

: ) the Cr atoms present on the sample surface in the low DPCC
3.2.1. Adsorption Chemistry below 2.93.2.1.1. Cr3pand  exposure regime of less thar2.9 L. The result was against
Bonding Configuration. The chemistry that caused the change the prediction, based on the DPCC intramolecular structure, of
in the SIMS intensity distribution observed at increasing DPCC only two Cr oxidation states present in the system if DPCC
exposures was studied using synchrotron radiation-induced XPShad adsorbed physically as an intact molecule on the GaN
Shown in Figure 4 are the Cr 3p XPS spectra taken from the syrface. The observation of three subpeaks in the Cr 3p XPS
GaN(0001) surface exposed at 110 K to DPCC of the indicated profiles obtained at low DPCC doses thus indicated that
doses. A broad XPS profile, with the full width at half-maximum chemical reactions of DPCC with the GaN surface may take
of ~2.5 eV, was obtained as the sample surface was exposeth|ace upon its adsorption at 110 K. It may lead to Cr bonding
to DPCC of 0.82 L. Its intensity increased with the DPCC  chemically to the GaN surface and bring about a new chemical
exposure. The fact that the XPS profile obtained from the state for the bonding Cr atom, which was in a chemical

sample, which was not a metallic substrate, was not quite environment different to those of the unreacted Cr atoms in
symmetric indicated that there was more than one chemical stateppcc.

associated with the Cr atoms present in the DPCC-exposed GaN- 3.2.1.2. C| 2p, and CrCl Bond Rupture. The reaction

(0001) system. leading to Cr bonding to the GaN surface was investigated by
In DPCC, the two Cr atoms on both ends of the central metal examining the Ga XPS spectra taken from the DPCC-exposed
chain have the identical chemical environment. Each Cr at the sample surface. Since in DPCC, Cl atoms are bound to the ends
end of the chain is bound to a Cl atom on one side and to a Crof the Cr atom chain, the Cl XPS spectra were also examined
atom on the other, in addition to its €N bonding to the pyridyl to better understand the DPCC bonding configuration on GaN.
group of the dpa ligand. The Cr atom at the center of the Presented in Figures 5 and 6 are Ck2@and Ga 3¢, XPS
trinuclear metal chain, on the other hand, has a different spectra, respectively, taken from the GaN(0001) surface exposed
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be disrupted during the reaction. The Cl atom separated from
DPCC may bond to the sample surface following the reaction.
The electronegativity of Cl may cause the atom to bond on the
positive site, the Ga atom, of the polar GaN(0001) surface and
result in the observation of the Cl 2psubpeak measured at
200.0 eV. The observation of the 200.0 eV peak assigned as
due to Cl bonding on Ga is in good agreement with the previous
measurement of the 200.1 eV peak in the XPS Ghapectrum
attributed to the CI atoms in the gallium chlorides produced
from chlorine exposure to the GaAs(100) surf&&Because of

the lower electronegativity of Cr than Ga, the subpeak observed
at the lower binding energy of 198.9 eV in Figure 5 may be
associated with the Cl atom remaining bonded to the end of
the Cr atom chain in DPCC.

3.2.1.3. Ga 3¢, and Chemisorption. The above conclusion
of Cl bonding on the positive site of GaN(0001) may be verified
by examining the XPS profile of Ga. As shown in Figure 6a,
the Ga 3¢, XPS spectrum taken from the GaN surface before
DPCC exposure mainly contained two subpeaks, one observed
at 19.5 eV due to Ga atoms present on the surface of the
substrate and the other at 20.2 eV to Ga present in the*bulk.
An additional peak of very small intensity was observed at 18.9
eV, which was ascribed to metallic &4° possibly induced to
form by synchrotron radiation. As the surface was exposed to
DPCC of 1.6 L, the intensity of the Ga surface peak observed
at 19.5 eV decreased substantially, in comparison to the small
decrease in intensity observed for the Ga bulk peak. The Ga on
the surface was thus involved in the reaction with DPCC when
DPCC was introduced at 110 K to GaN. The observed small
decrease in intensity of the Ga bulk peak was due to the
attenuation of the substrate XPS signal caused by the presence
of bulky DPCC adsorbates on the substrate surface. In addition,
as shown in Figure 6b, peak fitting of the Gas@dpectrum
revealed that there was a new Ga state present on the DPCC-
exposed sample surface. The binding energy of the new state,
at 20.9 eV, was higher than that of the bulk Ga peak, indicating
that the new Ga state formed in the reaction of DPCC with the
sample surface was related to Ga bonding in a chemical
environment which was more oxidative than the environment
in which the bulk Ga was present. Since the bulk Ga was
surrounded by N atoms, the new Ga state may then involve the
surface Ga bonding to a more electronegative species than N.
Combined with the fact that a high-binding-energy shoulder was
present in the Cl 2 XPS spectra (Figure 5) taken from the
DPCC-exposed sample surface, the signal intensity observed
at 20.9 eV in the Ga 3¢ XPS profile (Figure 6) may be
contributed from the Cl-bonded Ga state formed on the surface
from the reaction of the Ga surface state with DPCC.

3.2.1.4. Chemisorption Configuration. The presence of the
Cl-bonded Ga state on the GaN surface exposed to DPCC
supports the statement made above that DPCC adsorbs chemi-
cally on the sample surface at 110 K via the bond rupture of

at 110 K to the indicated doses of DPCC. As shown in Figure some of its terminal C+Cl bonds upon adsorption. For DPCC
5, a shoulder (at 200.0 eV) was present on the high binding to chemisorb on the sample surface with its Cr atom chain

energy side of the Cl 2p XPS profile, with its intensity

oriented parallel to the surface, the two terminal Cr atoms of

increasing with the DPCC exposures of less than 2.9 L. It the chain should have given rise to XPS signals at the same
indicated that during DPCC reaction with the GaN surface at binding energy, resulting in a Cr 3p XPS profile comprising of
low doses, at least two Cl states were generated in the systemonly two component peaks. Three subpeaks were observed,
Since, as discussed above, the chelate structure of the DPCGowever, in the Cr 3p XPS spectra (Figure 4) measured at low
molecules remained intact upon their adsorption at 110 K on DPCC exposures of less thar2.9 L. In addition, the peak areas
the sample surface, the presence of more than one spectrabf the three Cr subpeaks were about equal in each of the spectra

feature in the CI 2, XPS profile and of more than two

obtained at low DPCC exposures. It excluded the possibility of

subpeaks in the Cr 3p XPS spectrum revealed that the terminalthe presence of a mixed surface bonding configuration in which
Cr—Cl bond of the DPCC chelate adsorbed on the surface may some DPCC, with the bond rupture of both its terminat-Ct



Downloaded by NATIONAL TAIWAN UNIV on July 30, 2009
Published on October 9, 2004 on http://pubs.acs.org | doi: 10.1021/jp047324k

17212 J. Phys. Chem. B, Vol. 108, No. 44, 2004 Lung et al.

undisturbed during chemisorption. In the case when the DPCC
chelate is adsorbed with the central metal axis oriented parallel
to the surface, the GiN bond holding the pyridyl group of
dpa to the Cr axis is mostly concealed inside the molecule. The
bond cleavage of the €N bond by impinging ions to release
the pyridyl group may not take place easily because the bond
is not openly exposed to the incident ions. In addition, the
helically wrapped chelate structure of DPCC make the pyridyl
group released from its binding to the metal axis in the collision
GaN{0001) cascade initiated by the probe ion hard to find its way to get to
the SIMS detector because of the presence of neighboring groups
of atoms in DPCC which remain bonding together during the
cascade. The intensity of the pgignal in the SIMS spectrum

is thus expected to be relatively low, as compared to the intensity
of other groups of atoms sputtered from DPCC, for DPCC

Figure 7. Schematic illustration of the possible bonding configuration
of DPCC on GaN(0001) at low exposures.

bonds, may bind parallel to the surface while others bind
physically. Instead, it revealed that for each adsorbed DPCC adsorbing with its metal axis in parallel to the sample surface.

chelate, only one of the two terminal €€l bonds in the DPCC . . o .
molecule was broken upon adsorption and that all the DPCC However, in the.ca.se when the DPCC chelate is positioned with
ts molecular axis tilted away from the surface, the-Grrbond

molecules were adsorbed on the sample surface with one en . . .
etween the top terminal Cr atom in the central metal chain

of the chain anchored to the surface and the other remaining ) . .

free from bonding. Since the trichromium atom chain was well and th? pyridyl group of the. dpa I|ggnd IS more ex.posed o the

sheathed helically by four bulky dpa ligaRésnd no ligand probe ions for cleavage..Wlth _the tilted configuration, the py

was dissociated from DPCC upon adsorption, the bonding of lons formed from b_ond d|srupt_|ons (of the top-€h bond and

DPCC to the surface via the terminal Cr of the chain could ©f the Py-N bond) in the collision cascades can also reach the
mass spectrometer, which was configured normal to the sample

only be made possible when the free end of the chain was . ' > ¢ .
oriented away from the surface. Thus, as shown schematicallysurface in the experiment, relatively less obstructiv&ff Since
there are four pyridyl groups, each associated with one ligand,

in Figure 7, the chemisorbed DPCC molecule at low exposures ;
of less than~2.9 L may position on the GaN surface with its bonded to the top Cr atom of the central metal chain fo_r each
central metal atom chain pointing away from the surface. The DPCC chelate tilted away from the surface, the sputter yield of

layer of the DPCC chelates formed on the GaN surface with PY" IS €xpected to be higher than that of other groups of atoms

their Cr axis tilted away from the surface will be termed herein SPuttered from DPCC for DPCC adsorbing somewhat perpen-

as the chemisorbed layer. dicularly to the surface. The observed large intensity of the py
In theory, the number of Cl atoms bound to the Ga site of (m'e 78) SIMS signal, as compared to that of other DPCC

the sample surface should equal to that retained in DPCC if Tagments in the spectrum, at low DPCC exposures (Figures

DPCC chelates are adsorbed on the GaN surface with only one?&¢) thus supports the conclusion that the DPCC chelates were
dsorbed with their metal axis tilted away from the GaN surface

end of the chain anchored to the surface and the other remaining®
intact in structure. The peak areas of the two Cl subpeaks &t lOW exposures.
observed in the Cl 2 XPS spectra (Figure 5) in the low 3.2.1.6. XPS Assignment of Cr Chain Atoms. The three
exposure regime of less than 2.9 L, however, were not equal tocomponent peaks observed at low DPCC exposures in the XPS
each other. The inequality may result from the shielding of profile of Cr 3p shown in Figure 4 may be assigned individually
photoelectrons emitting from the Ga-bonded CI by the bulky by taking into consideration the difference in the chemical
DPCC covered above. X-ray diffraction studishowed that environment of the three Cr atoms in the trinuclear central chain
the length of the DPCC complex wa®.81 A and the diameter ~ of the DPCC chelate adsorbed on the GaN surface. The GaN-
~12 A. Since at 110 K, the Cl atoms detached from DPCC (0001) sample has a polar surface in which the Ga atom is
and bound to the surface Ga may not migrate readily on the positively charged and the N atom, which is located at 0.807 A
sample surface, they were thus buried under the bulky Cl- away from the top atomic layer, negatively chardetf As
severed remnants of DPCC and shielded partially from detection discussed above, when the terminat-@i bond on the central
by XPS. In comparison, the Cl atoms remaining bonding to the atom chain of DPCC was disrupted upon adsorption on GaN-
central metal chains of the chemisorbed DPCC resided on top(0001) at 110 K, the Cl atom generated from the bond rupture
of the chemisorbed layer and were exposed to the XPS detectormay bind at the positive site of the surface. On the other hand,
The significant difference in intensity of the two XPS subpeaks the Cr atom, designated as Crl (see Figure 7), through which
of ClI 2ps» (Figure 5) and the higher XPS signal intensity the DPCC molecule was anchored to the surface, may bond to
observed at 198.9 eV, which was attributed before to the Cl the negative site because of the smaller electronegativity of Cr
atoms bonding to the end of the chain, than that at 200.0 eV, than CI. In addition to this bonding, Cr1 also had chemical bonds
which was ascribed to Cl bound on the Ga site, thus supportswith one Cr atom and with four N atoms of the pyridyl groups
the conclusion that at low exposures, DPCC bonds to the GaN present in the four dpa ligands sheathing the metal atom chain.
surface with the chain axis oriented away from the surface. The Cr atom, designated as Cr3, on the other end of the chain
3.2.1.5. py SIMS Intensity and Bonding Configuration. The  of the chemisorbed DPCC was encaged in a similar chemical
above-stated chemisorption configuration of DPCC on GaN- environment as that of Crl except that the negative surface
(0001) at low exposures is also supported by the observedbonding site for Crl was replaced by a Cl neighbor for Cr3. It
increase in intensity of the pysignals present in the positive  should thus lead to a larger chemical shift (i.e., higher binding
SIMS spectra (Figure 2) taken at increasing DPCC doses inenergy) for Crl than Cr3. The Cr atom, designated as Cr2, in
the low exposure regime. As mentioned before, the chelatethe center of the trinuclear Cr chain was adjacent to two Cr
structure of DPCC, in which the dpa ligand, and its pyridyl atoms and four N atoms, each bridging the two pyridyl groups
groups, wraps helically around the central atom chain, remainedof the dpa ligand. Crl and Cr2 thus had a similar atomic
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environment, except that the negative surface bonding site forin the system which had the binding energy, of 198.7 eV, very
Crl was replaced by a Cr neighbor for Cr2. The binding energy close to that of the lower-binding-energy CI signal obtained at
of Crl was thus also expected to be shifted higher than that of low exposures. As discussed above, the subpeak observed at
Cr2. The Cr 3p subpeak with the highest binding energy of 45.9 the lower binding energy of 198.9 eV in the Clg2pspectra

eV observed in Figures 4& in the low exposure regime of  obtained at low exposures was associated with the CI atom
less than~2.9 L was thus assigned as due to Crl. Examination remaining bonded to the upper end of the Cr atom chain
of the electron resonance in the dpa ligand suggé&téthat following the DPCC chemisorption with the lower-end-€ZI

each bridging N atom carried a charge-0.5 and each pyridyl bond disrupted. The new CI state obtained at high exposures at
N atom a charge of-0.25. As stated above, Cr3 was encaged 198.7 eV may thus be present in a similar chemical environment.
by four pyridyl N atoms, whereas Cr2 by four bridging N atoms. That is, the additional DPCC chelate present on the sample
With lower electronic charge carried in the pyridyl N than in  surface at high exposures may remain pristine upon adsorption
the bridging N atoms, the total positive charge induced in Cr3 and their terminal C+Cl bonds may not be broken. The result
was lower than in Cr2, even though Cr3 was also bonded to was in agreement with the observation discussed before on the
the higher electronegative Cl atom than Cr2 to the Cr atom. Ga 3d, signal intensity (at 20.9 eV, Figure 6) from the Ga
The Cr3 atom thus had a lower oxidation state (i.e., lower CI state reaching its maximum between 2.7 and 4.0 L. Above
binding energy) than Cr2. The Cr 3p subpeak observed at thethat, no new Ga state was formed and there was no increase in
lowest binding energy of 43.6 eV in Figures-4ain the low intensity for any Ga state present in the system. The DPCC
DPCC exposure regime of less thai2.9 L was thus ascribed  layer thus grew molecularly at high exposures.

to Cr3, and the subpeak observed at 44.7 eV to Cr2. 3.2.2.3. Cr 3p and DPCC Layer Growth. Results from the
It should be pointed out that in theory, the photoelectrons Cr 3p XPS studies also revealed that DPCC adsorbed as intact
emitted from Crl and Cr2 are attenuated more than those frommolecules on the chemisorption layer in the high exposure
Cr3 because of their larger depths of escape normal to the topregime of more than 3.4 L. Similar to that observed in the Cl
of the chemisorption layer. The XPS intensities of Crl and Cr2 2p;, spectra (Figure 5), the Cr 3p profiles (Figure 4) remained
are thus expected to be lower than the Cr3 intensity. Curve similar to each other in the low exposure regime and changed
fitting of Cr 3p spectra by including, on the basis of the with the dose at high exposures. All the high-exposure Cr 3p
attenuation gradient obtained in the Cla@spectra, different  XPS spectra could be peak-fitted well with the three component
intensity attenuations (not shown in Figure 4) of the photoelec- peaks used for fitting the low-exposure ones; i.e., the peak
trons emitting from Cr atoms of different depths led to a shift binding energies for the high-exposure spectra resided at the
of their respective peak positions by less than 0.15 eV from same positions as those obtained at lower exposures. However,
the ones shown in Figure 4. their peak intensities were no longer equal, but the relative
3.2.2. Adsorption Chemistry abe 3.4 L.3.2.2.1 Ga 3¢ intensities of these subpeaks varied coherently with the dose in
and DPCC/GaN Interaction. As shown in Figure 6, as the DPCC the high-exposure regime. Assuming that the structure of the
exposure was further increased, the intensity of the Gg 3d DPCC chemisorption layer was not perturbed by the additional
signal observed at 20.9 eV reached its maximum between 2.7DPCC chelates adsorbed on top of the layer (i.e., each of the
and 4.0 L, after that it decreased with the exposure. The three Cr atoms present in the three different chemical environ-
formation of the DPCC chemisorbed layer on GaN(0001) was ments in the DPCC chemisorption layer continued to contribute
thus completed in this exposure regime and no additional Ga equally at high exposures to the intensity of the three subpeaks),
Cl bonds were produced on the surface from the Cirbond results of the peak fitting showed that the changes in peak
breakage of DPCC after completion. There was no other new intensity obtained at increasing exposures were always associ-
Ga state formed at higher DPCC exposures, either. Instead, theated with the two subpeaks measured at the lower binding
XPS intensity of the bulk Ga continued to decrease at increasingenergies. The variation in the Cr 3p XPS spectra obtained at
exposures. At 18 L, the Ga state of the substrate becamehigh exposures was thus due to contributions from an identical
negligible and the GacCl state dominated the Ga bonding in  pair of Cr states in each exposure. The ratio in the change of
the system, although its XPS signal intensity was considerably the peak area at increasing exposures for these two subpeaks
lower than that measured at the exposure of 2.7 L. The remained to be about two throughout the high DPCC doses
substantial decrease in intensity of the Gg,3gdrofile at high studied. The fact that between these two Cr states, the one with
exposures indicated that more DPCC introduced to GaN(0001)lower binding energy had a higher surface population, by a
were adsorbed on the surface at 110 K. The absence of new Gdactor of 2, than the one with higher binding energy, and the
state formed and of an increase in the XPS intensity of any Gafact that these two states had binding energies corresponding
state revealed that the additional DPCC adsorbed on the surfacéo those for Cr3 and Cr2, respectively, suggested that the relative
at high exposures did not interact directly with the sample increase in population of these two Cr states observed at high
surface. Physisorption of DPCC thus took place at high DPCC exposures were due to the Cr atoms present in the
exposures. unperturbed DPCC chelates adsorbed on top of the chemisorbed
3.2.2.2. Cl 2p; and DPCC Layer Growth. The continued layer. DPCC thus adsorbed molecularly on the GaN surface at

adsorption of DPCC chelates at high exposures was also€Xposures higher than 3.4 L to form the physisorption layer.
manifested in the Cl 2 spectra shown in Figure 5. In contrast 3.2.2.4. Physisorption Configuration. In concept, the phys-
to those obtained at low exposures, in which the spectral profilesisorbed compounds may be oriented on the surface with their
of different doses resembled each other, the GL%PS profile molecular axes pointing randomly to any directions. The DPCC
changed with the exposure in the high DPCC exposure regimechelates physisorbed on top of the chemisorption layer, however,
of more than 3.4 L. The signal intensity on the low binding may be oriented somewhat parallel to the surface. As discussed
energy side increased relatively more than that on the high before, the C+N bond which holds the pyridyl group to the
energy side, as the exposure was increased. Peak fitting of theupper Cr atom in the central metal axis of the chelate is more
spectra measured at high exposures showed that the intensitgxposed to the probe ion and the pyridyl group of dpa to the
increase was due to the population increase of a new Cl statemass spectrometer when the chelate is adsorbed with the axis
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oriented perpendicularly, rather than in parallel, to the surface. C1s Cr (udpa) C1, / GaN(0001)
Relatively high py SIMS signal intensity is expected to be Ta=110K

obtained if DPCC physisorbed perpendicularly to the surface. (e

Figure 2, however, reveals that, instead of a larger intensity, as Exposure
that observed in the low exposure regime, the [fgve 78) 18.5L
intensity was mostly smaller than those of other major peaks X1

in the spectra taken at high DPCC exposures of higher than 3.4 )
L. The relative intensity of the pysignal to those of other major
peaks also decreased drastically with increasing doses in the
high exposure regime. In fact, the pyntensity measured at
DPCC exposures of higher than 3.4 L (Figures—8dwas

smaller than the one obtained at the low exposure of 2.9 L ©
(Figures 2c). Most of the DPCC chelates physisorbed on top of "
the chemisorption layer may thus be inclined to the surface. X15

XPS Intensity

The inclined configuration of the physisorbed DPCC chelate (b)
may also contribute to some extent to the decrease in the ClI

intensity observed in the negative SIMS spectra at high xz 1o

exposures. In the low-exposure regime of less than 2.9 L, the (a) 285.7eV  2g6.5eV

CI~ SIMS signals increased with the DPCC dose. As discussed 284,60V 287.1eV 0.98L
before, at low exposures, the DPCC molecules chemisorbed on X2

the sample surface with their metal chains oriented somewhat 280 282 284 286 288 290 292 294
perpendicularly to the surface. The Cl atoms bound to the top Binding Energy (eV)

Cr atoms of the chains were thus exposed readily to both the gjgyre 8. xPS spectra of C 1s obtained from the GaN(0001) surface
incident ions and the SIMS detector. As the DPCC dose was exposed at 110 K to the indicated dosages of DPCC.

increased in the low exposure regime, both the increase in

number of the exposed Cl atoms and the change in surfaceneighbors, one C atom sandwiched between the pyridyl N and
potential for ionization due to the increased presence of the bridging N atoms, and one bound to both the pyridyl N
adsorbates and the ion-induced fragments on the surface assistegtom aml a C atom. Because of the higher electronegativity of
in the observed increase in intensity of the GIMS signals. N than C, the atom sandwiched between the pyridyl N and the
However, as physisorption took place at high doses of more bridging N atoms is expected to have the largest chemical shift
than 3.4 L, not only the surface potential for ionization was (i.e., highest binding energy), whereas the one bound to two C
altered due to the change in the surface electronic structure,atoms the smallest. The subpeak obtained at the binding energy
but the exposed Cl atoms in the chemisorption layer were buried of 287.6 eV was thus assigned as due to the C atom sandwiched
by the physisorbed, bulky DPCC molecules. Since the phys- between two N atoms. The one measured at 286.5 eV was
isorbed DPCC chelates were inclined to the surface, their Cl ascribed to the C atom located between the pyridyl N and a C
atoms on the central metal chains were more concealed by theatom. The 285.7 eV peak, on the other hand, was assigned to
bulky dpa ligands from the incident ions and the SIMS detector the C atom positioned between two C atoms. The ratio of the
than the chemisorbed DPCC. The C8IMS intensity thus numbers of these C atoms in DPCC was 1:1:3, in agreement
decreased with the dose in the high exposure regime. with the population ratio of the corresponding C surface states

3.2.3. C 1s and Adsorbed DPCC Structufs shown in obtained from integrating the areas of the respective subpeaks.
Figure 1, DPCC is shielded with a layer of C atoms on its outer The XPS signals of Cls displayed in Figure 8 thus resulted
cylinder. The carbon layer should thus interact with the sample solely from the C atoms of DPCC present on the surface in the
surface first when DPCC is brought to contact with the surface form of the intact chelate structure. The absence of new C states
in an inclined configuration. The chemistry involved in the (Figure 8), whose intensities would have increased with the
interaction of DPCC with the GaN(0001) surface was explored €Xposure, in chemipal environments different to those for the
further using XPS of C 1s so as to confirm the observation made C atoms in the pristine DPCC as well as the absence of the Ga
above on the preservation of the chelate structure of DPCC States (Figure 6) corresponding to C bonding to the GaN surface,
adsorbed at different doses on the sample surface at 110 Klthus,.supp_ort the conclusion that the chelate structure of DPCC
Presented in Figure 8 are the XPS spectra of C1s obtained fromf€mained intact upon adsorption on GaN(0001) at 110 K.
the GaN(0001) surface exposed to the indicated doses of DPCC. .

As shown in the figure, the Cls XPS profiles measured at 4. Conclusions

different doses were similar except that the intensity varied with  The adsorption, reaction, and bonding chemistry of tetrakis-
the exposure. Peak fitting of these spectra showed that, in(2,2-dipyridylamino)chromium(VI) chloride (DPCC, Qus-
addition to a small subpeak obtained at 284.6 eV possibly due dpa)Cl,) deposited on the GaN(0001) surface were studied. The
to the presence of a small amount of carbon residues on thetrichromium metal chain chelate did not decompose on the GaN
surface, each spectrum can be deconvoluted into the same sedurface at 110 K. Comparing with the SIMS spectra taken from
of three subpeaks, with their maximum intensities located at the surface exposed to pyridine and dipyridylamine, respectively,
binding energies of 285.7, 286.5, and 287.6 eV, respectively. showed that the major peaks observed in the SIMS spectra of
Integrating the area under each subpeak revealed a constant ratiDPCC on the GaN surface were not due to the production on
of 1:1:3 (Azs7.6Azs6.5A2s5.7) for the three subpeaks obtained in  the surface of the DPCC fragments in a series of decomposition
each XPS spectrum of C1s measured. Inspecting the moleculareactions. Instead, pyridine and dipyridylamine may be induced
structure of chelates showed that the C atoms, present only inin SIMS to desorb from the adsorbed DPCC chelates due to
the pyridyl group, of DPCC were in three different chemical bond rupture via the dissipation of the probe ion energy in the
environments. There were three C atoms each bound to two Clarge admolecule of DPCC. The chelate effect from the presence
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of four chelating dpa groups in DPCC may provide the complex
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