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Cobalt phosphide thin films were grown by metal-organic chemical vapor depogfio€VD) in H, atmospheres on IB01)

substrates using kig-methylcyclopentadienyCo(ll) [ Co(Cp"®),] and phophine (Pk) precursors at 550°C. Film microstructure,
composition, and morphology were investigated in detail by X-ray diffraction, X-ray photoelectron spectr@&&&y Ruther-

ford backscatteringRBS), and atomic force microscopy. Films were crystalline and consisted mainly of the orthorhombic CoP
phase and some amount of the Gghase. XPS measurements indicate an oxidation @tgtgfor Co, while the P/Co ratio was

found by RBS to lie in the range 1-2. The coatings were highly textured (@@R), (103) CoP, and(—311) CoP, crystal planes

parallel to the substrate surface. The root mean square surface roughness was below 10 A for thicknesses smaller than 20 nm and
increased to a maxiumum of 70 A for a 35 nm thick film. Cobalt and In intermixing was investigated by XPS depth profiles.
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Agreat deal of attention has been recently devoted to a new clasgienyl)Co(Il) [Co(Cp"®),, Cp"® = —CsH,CH;] was obtained
of electronic devices known as spintronic devices, that involve ma-py the reaction of methylcyclopentadienyl litium (Lit%§) with

nipulation of both the electron spin and chatdeThis widespread  anhydrous cobalt dichloride ifL:2 stoichiometric ratiptetrahydro-
interest is mainly related to the possibility of fabricating nonvolatile fyran (THF) solution
magnetic random access memor{®RAM). Current MRAM de-

vices are based on the giant magnetoresistance é@&4R), which THF
occurs in metal multilayer systems where a nonferromagnetic layer CoCl, + 2LiCpM®—— Co(Cp*®), + 2LiCl [1]
is sandwiched between two ferromagnetic ofeeg., Co/Cu/Co). As T=-30°C

the magnetization of the Co layers changes from parallel to antipar-
allel ?Izignment, the multilayer resistance can increase by as much as
20%:“ While prototype MRAM devices have already been devel- - A . .
oped, significant technological problems still remain to be solved, inaqdege at low temperatun_eT(—_ —30 .C) to a stirred solution of

particular concerning the integration of ferromagnetic materials withLICP"_ in THF. The solution immediately assumed a dark color.

semiconductor electronics. In this context, the search for alternativé\teér 2 h cooling was stopped, and the solution was allowed to
ferromagnetic materials is a major concern. Currently the mosteach room temperature and kept under stirring overnight. The THF

promising materials appear to be diluted magnetic semiconductorS0!Vent was evaporated under vacuum. Cyclohexane was added to

(DMS), such as MnGa&¢ and MnCdGePR,® and digital alloys the reaction mixture and the obtained suspension was filtered to
that co’nsist of alternating ultrathin layers ’of semiconducter eliminate LiCl. The solvent of the clear solution was evaporated

GaAs, GaSh), and ferromagnetic compoufelg., MnAs, MnSbf8 under vacuum and the obtained glassy prodabhost black, yield
While DMS growth has been performed almost exclusively by low- = 78.6%) was purified by sublimation af = 35°C and
temperature molecular beam epitaBE), in order to avoid phase P = 0.02 Torr and characterized Bi-NMR, with good agreement
segregation, the growth of metal-pnictide compounds such as MnAswith previous datd™ Compared to CoGp that is a commerically
MnSb, or CoP appears possible also by metallorganic chemical vaavailable Co precursor, we found that (Cg"®), is slightly more
por depositio{MOCVD), as proven by recent works regarding CoP volatile [we found that Co(C§), sublimed readily at a pressure of

A solution in THF of the anhydrous cobalt dichloride was slowly

deposition on SY. 1072 Torr at 35°C, while CoCp sublimed readily at a pressure of
This paper reports on the MOCVD growth and characterization10-4 Torr at 40°Clthereby facilitating MOCVD growth.
of cobalt-phosphide thin films on 1(@01) substrates with the aim to MOCVD growth was performed with a low pressure Aixtron

obtain epltaXIaI film depOSition. Cobalt phOSphlde thin films were AIX200 reactor at a total pressure of 20 mbar and a growth tem-
grown on InP(001)in H, atmospheres using @p"¢), (CP"*  perature of 550°C. The precursors for Co and P wer@pé¥), and
= methylcyclopentadiene) and Rlds Co and P precursors, respec- pH,, respectively. Co(Cff), was dispersed in glass beads, loaded
tively, and subsequently were characterized by different analyticalinto a bubbler at 35°C, and transported into the reaction chamber by
techniques to attain an insight on their chemical-physical characterpq.-puyrified H carrier gas, acting also as a reducing atmosphere. A
istics and the dependence of these on the synthesis conditions.  ggaries of specimens was grown at constant fbw rate of 300
sccm and different Kflow rates(50, 100, 300 sccmthrough a Co
bubbler for 1 h(samples A, B, Ciand at a constant flow rat800
Precursor synthesis and characterizatiedThe cobalt precursor  sccm)with different growth time 30 min, 1 h, 2 fsamples D, C, E
synthesis was carried out in a glove box filled with purified nitrogen Substrates were Fe-doped semi-insulating, epiread@0iBPwafers
to avoid its decomposition. All solvents were dried according to from Crismatec. All the obtained films appeared homogeneous and
already established procedufdsThe bis(xj-methylcyclopenta-  mirror-like to the eye.
X-ray diffraction (XRD) spectra were recorded with a Philips
PW1830 powder diffractometer in Bragg-Brentano geometry using
* Electrochemical Society Active Member. Ni filtered Cu Ka @0 kV, 30 mA)radiation. The detector was a Xe
2 E-mail: natali@icis.cnr.it gas proportional counter equipped with a secondary curved graphite

Experimental
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107 InP(002)and InP(004)Bragg reflections, respectively. Three weak
5 (002) InP (004) InP film peaks are obser.ved atg2 = _48.47 . D, = 51_.79 and
10° 205 = 52.22°, respectively. We assign the first and third peak men-
] 150 4o COPOOY tioned to the CoP(2023nd CoP(103Bragg reflections, that accord-
105‘; 125] coP(202) ing to the JCPDS powder diffractiqn database occur at 2
3 = 48.404° and B = 52.294°, respectivelyJCPDS no. 29-497
o 104-: The second peak could not be unambiguously identified. Possible
% 3 assignments include cubic @®2) 26 = 51.524° (JCPDS no. 15-
8 10°4 806), CoP(131) 2 = 51.549°, C¢P(002) P = 52.031°
(JCPDS no. 32-0306 CoR(—113) 20 = 51.599° and
1074 50 55 CoRy(—311) 20 = 51.946°(JCPDS no. 26-481The reflection ly-
. 26 (deg) ing closest to the observed peak is GoP311), but the discrepancy
10 4 is still 0.15°. A similar situation was observed for all the other grown
3 samples, suggesting that the films are crystalline and mainly consti-
10° . T . T T T tuted of the CoP phase and possibly a €pRase. The peaks near
20 40 60 80 100 120 140 18° and 44° were not observed systematically and do not correspond
26 (deg) to any of the known cobalt phosphide phases. We therefore attribute
them to contaminations due to sample handling.
Figure 1. XRD spectrum of sample E31 nm thickness The InP(002)and All the film peaks showed a strong preferential alignment of their
INP(004)substrate peaks are observed as well as three film peaks, shown iBragg planes parallel to the substrate surf@emosaic spread), as
the inset. established by rocking-curve measurements, keeping the detector

fixed at the Bragg angle and rotating the sanfplangle. A further

support for this conclusion comes from the absence of any other
monochromator. Peak positions were determined with a statisticateflections from CoP and CgPthat should have been observed in
error of 8(26) = 0.02°. Reflectivity measurements to determine the case of randomly oriented grains. Moreover no film reflections
film thickness were performed using a Philips MRD high resolution from Bragg planes inclined with respect to the surface were ob-
diffractometer with monochromatized CuoKradiation. A Bartels  served by recording 28cans for different sampléncidence)angles
monochromator was used, consisting of four germanium crystald), while simultaneously spinning the sample about its surface nor-
reflecting from thg220) planes, producing a beam divergence of 12 mal. We were thus not able to establish from the XRD measure-
arcsec and a wavelength sprei/\ = 10°°. ments whether the films are epitaxial.

X-ray photoelectron spectroscopiXPS) measurements were From the CoP(202film peak width a crystallite size was deter-
performed by a Perkin-EImeb 5600ci spectrometer using mono- mined that ranged from 3 nm for the thinnest films £41 nm
chromatized Al Karadiation (1486.6 eV). The working pressure thickness)to 6 nm for the thickest films (3% 2 nm thickness).
was less than 2 10° mbar. The spectrometer was calibrated by This crystallite size corresponds to a coherence length of CoP grains
assuming the binding enerdBE) of the Au 4%, line at 83.9 eV  along the[202]direction, that in our case lies perpendicular to the
with respect to the Fermi level. The standard deviation for the BESsurface.
values was+0.2 eV. The reported BE were corrected for the charg- ~ Figure 2a shows a typical AFM micrograph of the film surface
ing effects, assigning to the C 1s line of adventitious carbon the BEmorphology. Grains of average in-plane diameteB0O nm are ob-
value of 284.8 eV? Survey scans were obtained in the 0-1350 eV served for all samples. The surface roughness is plotted as a function
range. Detailed scans were recorded for the O 1s, C 1s, P 2p, Co 2pf film thickness in Fig. 2b and shows a plateau region for film
Co LMM, In 3d. The atomic composition was evaluated using sen-thickness below 20 nm, where the film roughness is lower than 10
sitivity factors supplied by Perkin-Elmer. Depth profiles were car- A. For larger thicknesses the roughness increases rapidly, reaching a
ried out by Ar sputtering at 2.5 keV with an argon partial pressure maximum of 70 A for a 35 nm thick film, corresponding to 20% of
of 5 - 10°8 mbar. The depth of the XPS craters was measured bythe thickness. Moreover the film surface roughness was found to
means of a Tencor Alpha Step profiler. Film thickness was deterincrease with the K flow rate through the Co bubbler and with
mined from the XPS profiles assuming the interface lies at the pointdeposition time(not shown).
where Co drops to 50% of its maximum value. Surface and in-depth film composition of the films were investi-

Rutherford back scatteringRBS) measurements were performed gated by XPS analysis. Irrespective of the synthesis conditions, a
at Laboratori Nazionali Legnaro, Italy, using the 7 MV Van de Graaf qualitatively similar surface composition was observed for all
CN accelerator, with a 2.2 MeV Hebeam. samples. Wide scan surface specFi. 3) displayed signals arising

Atomic force microscopyAFM, Park CP modelyvas performed ~ from Co, P, C, and O. In particular, the Co 2p region showed a
to analyze surface morphology in the contact mode using a Ultraposition[ BE(Co2p,,) = 779.6 eV, (fwhm)~ 1.7 eV]and a band-
lever™ silicon cantilever tip with a nominal radius of 10 nm. Sur- shape very similar to those reported for both,E@nd CoB* The
face roughness was determined as root-mean-squa® values presence of Co(llwas excluded, since its characteristic shake-up
from several 2x 2 um? micrographs. peaks at=5.4 eV from the principal spin-orbit components were not

Electrical resistivity measurements were performed in the Vanobserved?
der Pauw geometry using indium contacts and a four-point probe. Despite the presence of oxygen, the formation of cobalt oxides
The resistivity was calculated from the measured resistance and theould be unambiguously ruled out on the basis of BEs and Auger
layer thickness according to the formula from Ref. 13. parameter valueX:'8 In particular, Auger parameter values, calcu-

) . lated as the sum of Co 2pBE, and Co LMM kinetic energykE)*?
Results and Discussion varied between 1551.5 and 1551.9 eV. Indeed, oxygen presence

The cobalt phosphide film growth rate ranged from 0.1 to 0.33could be related to the surface oxidation of cobalt phosphides to
nm/min, increasing with the H carrier gas flow through the phosphates. As a matter of fact, P 2p surface photogEak 3,
Co(Cp"®), bubbler. The low growth rates are primarily due to the inset) always showed two distinct components. The major one
relatively low volatility of the precursor and to some extent to the (BE ~ 129.7 eV, fwhm~ 2.0 eV, ~80%) was ascribed to P in
long gas transport line&bout 1.5 mof the reactor used. A typical phosphides?'’while the second (BE= 133.7 eV, fwhm~ 2.6 eV,

6/26 scan XRD spectrum is shown in Fig. 1. Intense substrate peaks=20%)was related to the presence of phosph&téhe latter com-
are observed at®= 30.45° and B = 63.31° corresponding to ponent was always reduced to noise level after a miltd émwsion,
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Figure 2. (a, top) Representative AFM image of sample E ¥22 um?
area, the grayscale extends over 200 A in dggth bottom)rms roughness

as a function of film thickness.
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Figure 3. Surface XPS wide scan spectrum of cobalt phosphide film with
31 £ 2 nm thickness. The inset displays the P 2p photopeak, showing the
phosphide and phosphate components.

preferential sputterindf further erosion experiments were carried
out in the same conditions on bare InP substrates, with or without
annealing in air at 550°Qthe growth temperature of cobalt phos-
phide films). The obtained results showed that the In/P atomic ratio
was close to the stoichiometric valde-1) on the sample surface,
but almost doubled after a mild Arsputtering. On this basis, we
suggest that a similar P behavior might occur during depth profiling
of cobalt phosphide thin films. In this case, the real P/Co atomic
ratio in the first 20 nm would be close to 1, suggesting the presence
of CoP as the main phase in this region. Nevertheless, a more de-
tailed phase identification is also prevented because of the appre-
ciable film-substrate intermixing. Therefore the already mentioned
estimate of the P/Co atomic ratio needs to be taken with great
caution.

To obtain additional information on film stoichiometry we per-
formed Rutherford backscatteringRBS) measurements. We ana-
lyzed the spectra in a first attempt by assuming homogeneous films
that do not contain any In atoms. In this case the P/Co atomic ratio
close to 2 was found for most films. However as the XPS measure-
ments have shown significant film-substrate intermixing is occuring
and In atoms are present over a considerable fraction of the film

100

—4— Cobalt 2p
—@— Phosphor "p

80

confirming that phosphate presence was merely limited to the out:
ermost sample layers. Nevertheless, this phenomenon prevented ti
unambiguous identification of the Co-P phase by an estimation 018 60-
P/Co surface atomic ratio. 5

In order to attain a deeper insight into film composition, with &
particular attention to the Co-P relative amounts, XPS depth profil-.€ 40 4
ing was performed on different specimens. As a general rule, carbor £
signals disappeared after a mild sputtering, indicating that the pres+
ence of C arose mainly from atmospheric contamination and that the = 204
Co precursor underwent a clean conversion into Co phosphides un
der the adopted synthetic conditions. A representative depth profile

is displayed in Fig. 4. 0+

—O— Indium 3d
- oxygen 1s

The most striking feature regards the wideness of the film-
substrate interface. A decrease of the Co atomic percentage is ot
served as a function of depth, that is accompanied by a corresponc
ing increase of the In atomic percentage. Conversely, the P

thickness (nm)

percentage remains almost constant from the surface to the innefigure 4. XPS depth profile of cobalt phosphide film with 312 nm
sample layers. In order to investigate the eventual presence of hickness.
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thickness. We here note that the Rutherford cross section of In iential sputtering of P during Ar ion erosion and in RBS due to
much higher than that of Cighe ratio of the cross sections is given film-substrate intermixing. Nevertheless a P/Co ratio was estimated
in terms of the atomic numbers of In and Co b¥,{/Z.)? lying in the range of 1-2. Surface roughness was found to increase
= (49/27F ~ 3.3]. As a consequence very small uncertainties of with H, flow rate, deposition time and film thickness, with an abrupt
the In concentration in the film can give rise to large uncertainties inincrease of roughness above 20 nm. The film resistivity was of the
the Co concentration. To obtain meaningful P/Co atomic ratios theorder 0.02-0.08) cm and dependent on the film thickness, probably

RBS spectra should then be simulated with appropriate In diffusioncorrelated with the surface morphology.

profiles. This, however, was not possible due to the small thickness
of the films (<52 nm), that made it impossible to discriminate be-
tween a constant In concentration or a In diffusion profile. The only
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the P/Co atomic ratio is in the range of 1-2. This seems to be in
qualitative agreement with the XRD measurements that indicate the
presence of some amount of Gophase, besides the CoP phase.
The resistivity of the samples was between 0.02 and Q.@8n,

the minimum occurring at 15 nm thickness and the maximum at 4 L
nm thickness. For film thicknesses between 15 and 31 nm a gradual”
increase of resistivity from 0.02& 0.002 to 0.030t 0.002() cm 3.
occured, that may be related to the rapidly increasing surface rough-+-
ness for these films. On the other hand the decrease of resistivity™
between 4 and 15 nm is probably due to the presence of insulatings.
phosphate in the outer layers, that accounts for a larger material
fraction in thinner films. The resistivity values found are somewhat ;-
higher than those reported in Ref.i%., 4.5- 10 4-102 Q cm. 9
We do not understand the reason for the higher resistivity valuesio.
determined by us, however, we believe that these differences aré!.
related to the different structures of the films, that in our case were*
composed out of crystalline CoP and Ggbhases, while films re- 13,
ported in Ref. 9 were partly amorphous and partly crystalline CoP. 14.

Conclusions 15.

Cobalt phosphide thin films were grown by MOCVD on i,
InP(001)substrates in Flatmospheres, at a substrate temperature of
550°C. The films were highly oriented, with C@®2), CoP(103),
and CoBR(—311) crystal planes parallel to the substrate surface.ig
Film stoichiometry was difficult to evaluate by XPS due to prefer-
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