Electron-beam evaporated cobalt films on molecular beam epitaxy
prepared GaAs (001)
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We have deposited Co films on the G&@@&1) surface by using an e-beam evaporation method. The
thicknesses of the Co films are measured by using x-ray reflectivity and Rutherford backscattering.
The magnetic properties of the films have been measured using superconducting quantum
interference device. The magnetization of the films was found to decrease with increasing film
thickness. The slight degradation of magnetic properties is attributed to increasing roughness on the
Co surface or the Co/GaAs interface during the Co deposition20@4 American Vacuum Society.
[DOI: 10.1116/1.1771674

[. INTRODUCTION IIl. EXPERIMENT

Research in the area of spintronic devices made usin% Expeniments were performed in an ulirahigh vacuum

i il 11
ferromagnetic/semiconductor heterostructures is of growin HV) multichamber facility (5—&10 " Torr throughout

) . . . which contains a solid-source molecular beam epitaxy
interest! For example, there is a current drive to make a spin . )

. e . . . . . (MBE) chamber(Riber 32F with a substrate temperature
filter device? It is also believed that spintronic devices will

) . o ) . determination system accuratet@® °C? and an arsenic cell
predominate in the electronics industry in the future. Injec-" .
. . . ) with an automated valve and controller. The MBE chamber
tion of electrons from a magnetic material to a semiconduc- . :

. . : . . also has an all UHV connection to a surface analysis cham-
tor is considered to be the most challenging task in spintron;

ics. To achi hiah effici f spin iniecti d hiah soi ber, which contains a custom integrated scanning tunneling
Ics. 1o achieve high etliciency of spin injection and hig Splnmicroscope (STM) (Omicron.” Commercially available

!oo-larization, it is thoughF t.hat an a'FomicaIIy abrupt mterfa‘_:e“epi-ready”, n+ (Si doped 18%/cn?) GaA001) +0.05°

is |mportant?lTherefore_; it is essential to stut;iy the eIectronlp ubstrates were loaded into the MBE system without any
and _magnet|c properties of ferromagnets in ferrom""gnet'CZhemical cleaning. The surface oxide layer was removed and
semiconductor structures. a 1.5um-thick GaAs buffer layer was grown at 580 °C using

One approach to developing spintronic devices is to rean As, to Ga beam equivalent pressUBEP) ratio of 15 and

place the normal metal contacts used on semiconductor d%‘growth rate of 1.Qum/h as determined by reflection high
vice structures with ferromagnetic metal contacts. This CaRnergy electron diffraction(RHEED) oscillations. After
provide a source of spin-polarized current. Ideally, one wantgrowth, the surface was annealed under ap BEP of 1
to use a ferromagnetic metal that provides 100% Spi”juTorr for 15 min at 600 °C followed by another at 570 °C
polarized current, shares the same crystal structure, anghder the same conditions. This procedure improves the
shares the same lattice constant as the semiconductor. HHEED pattern and prepares the surface for STM measure-
sler alloys are a group of ferromagnetic metals that havenent and e-beam evaporation of Co. For STM observation of
100% spin-polarized electrons at the Fermi lév&@everal  the surface morphology, the samples were transferred to the
share a compatible crystal structure and lattice constant witkTnm without breaking UHV, and imaged at room tempera-
the Il1-V semiconductors, such as SdnAl. ture.

Another key factor in developing spintronics is the quality  After imaging the GaA®01) surface with the STM, the
of the interface between the ferromagnetic metal and theubstrate was transferred to another chamber equipped with a
semiconductor. The interface between the semiconductor anglini e-beam evaporator, without breaking UHV, for the
the ferromagnetic material plays a critical role in the effi- deposition of Co. The experimental set up for the e-beam
ciency of spin transmissiohThe structure of C&VnAl con-  evaporation is illustrated in Fig. 1. During the evaporation
sists of alternating planes of Co and MnAl. Thus, it may beof Co, the GaAs substrate was kept at room temperature and
important to first study Co grown on Ga@91). In this ar-  the deposition rate of Co was measured using a quartz crystal
ticle, we report on the quality of these films and comparemonitor. The electron beam is emitted from a hot filament
them to bulk GaAs and bulk cobalt. In addition the evolutionand accelerated by a high voltage to hit the target Co mate-
of the interface and film microstructure during growth and itsrial and heat it. Before the deposition of the Co on the

correlation to magnetic behavior are discussed. sample, the quartz crystal monitor is placed in the position
of the sample to measure the deposition rate of the Co. After
dElectronic mail: zding@uark.edu the measurement of the deposition rate, the quartz crystal
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Ill. RESULTS

The ex situ XRR and RBS experiments provided the
oM /SUbST’a‘e thickness of the Co films as shown in Fig(RBS data not
b '”'?T' - shown). These results are in good agreement with each other
| and are consistent with the result from the deposition time
I ,' and rate obtained by the quartz crystal monitor. In the XRR
Il

{

|
Co material \\ e-beam data, the reflectivity of the Co film oscillates with the inci-
\\H’:}:;""**:,.Hot Filament dent angle of the x-ray beam. The adjacent oscillation peak
}jﬂ/ spacing is related to the thickness of the film, while the de-
Vacuum Pump \ 1 igh Voltage creasing intensity of oscillations indicates the presence of
| \ | roughness on the surface and/or the interface. Typically, sur-
” \ U Wate}_comed Crucible face roughness decreases the intensity of the whole curve,

while interfacial roughness is primarily responsible for the
Fic. 1. llustration of the e-beam evaporation system. The quartz crystadecay in the amplitude of oscillations. From the STM images
monitor is used to measure the deposition rate of Co, and can be positionege know the starting GaAs surface is extreme|y8f|é_n
in the same location as the sample. Ref. 8 see STM picture labele®,) so the roughening is
generated by either the cobalt not growing smoothly or is
strain induced.
monitor is moved to an adjacent location where a reduced The magnetic properties of the Co films were measured
deposition rate can be monitored and scaled to yield thé&y SQUID. Hysteresis curves are shown in Fig. 3 for the 50
original rate. The sample is then positioned in the same placand 560 nm thick Co films acquired at room temperature.
that the quartz crystal monitor was originally placed, so theThe shape of the hysteresis curve near zero field is nearly a
deposition rate of the Co is known. By doing this the depo-rectangle for the Co film with 50 nm thickness. The magnetic
sition rate of the Co is believed to be the same as measuredoment of the thicker Co film is much highélmost ten
by the quartz crystal monitor. By controlling the depositiontimes higher than that of the thin film. Interestingly, the
time, different thicknesses of the Co film can be obtained. magnetic moment under higher magnetic field decreases
The thicknesses of the Co films were measured by botlslowly with the applied field for the thin film, while for the
x-ray reflectivity (XRR) and Rutherford backscattering thick films, the magnetic moment increases slowly with the
(RBS) experiments. These also provide a calibration for theapplied field.
calculated quartz crystal monitor measurement of the Co film The magnetization, which is derived from the SQUID and
thickness. The magnetic properties of the Co films on GaARRBS data of the Co films, is shown in Fig. 4. The thicknesses
were measured by a superconducting quantum interferene# the three samples are 50, 350, and 560 nm, respectively.
device (SQUID). The magnetization of the Co films is cal- The magnetization decreases linearly with the increase of
culated from the SQUID data combined with the RBS datathickness of Co film as shown in the figure. The line that is

18K -

\/\/\If\ W\f\ Fic. 2. X-ray reflectivity intensity as a

function of glancing incident angle for
a 50 nm cobalt film grown on
186 4 GaAg001).
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fit by the least-squares method has been added to the figurgome defects such as dislocations or stacking faults after the
Finally, the magnetization of bulk Co is also shown in thethickness of Co film is grown thicker than a critical value of

figure near the top as a referencd. about 5 nm'! This critical value represents the film thickness
when the morphology changes from bcc to hcp, while the
IV. DISCUSSION critical thickness of 50 nm represents the onset of dislocation

formation in the film. Our thinnest film is around the critical

RBS and XRR. The disadvantage of ex situmeasurement thickness, while the other two films are seven and ten times

is that the Co films are exposed to air and this can introducgq,iS valqe. ASs thg filmlgr.ows beyond the-critical thickness the
contamination. By using the quartz crystal monitor, one carflisiocation density will increase, and this may play a role in
determine the thickness of the Co filiimssitu by measuring (e degradation of the magnetic properties. _

the deposition time and rate. On the other hand, the XRR and BY comparison of the hysteresis curves of different
RBS measurements are a direct thickness measurement apfnPIes, one can uncover the magnetic properties of the Co
can provide a calibration of the thickness. In the XRR datafilms. Also, one can speculate on the surface roughness of
the oscillations have damping intensities for the peaks, thighe Co films and the interface roughness between the Co and
would indicate the presence of interface roughness betwedhe GaAs. The interface roughness will affect the crystalline
deposited Co film and GaAs substrate as seen in Fig. 2. Thiguality of the Co films, which will affect the magnetic
may be due to the deposition of Co being carried out at roonproperties of Co film in return. From Fig. 4, one can see that
temperature. The interface roughness may also develop witthe magnetization of the thin film is higher than that of the
the increase in film thickness. This is because of the misthick film; this indicates that the thinner film has better crys-
match of lattice constant for Co and GaAs, which producegalline quality and lower surface and/or interfacial roughness.
strain on the interface of Co and GaAs. The strain will causél'he decrease in magnetization may also indicate an anisot-

The thicknesses of the Co films were measwrdgituby

J. Vac. Sci. Technol. B, Vol. 22, No. 4, Jul /Aug 2004



2071 Ding et al.: Electron-beam evaporated cobalt flms on MBE 2071

1500 , , , ' , surface for driving Co atoms in the metastable bcc pRase.
In our samples, the Co films are deposited onto the GaAs

1400 Bulk Co M = 1400 fresh surface at room temperature and not annealed after the
ME1300_ e-beam evaporation, so that the Co/GaAs interface reaction
3] and interdiffusion should be negligible. We speculate that the
E 1200 existence of polycrystalline hcp structure may originate from
L the low deposition temperature, because at low temperature
S 1100} 1 the Co atoms at GaAs do not have enough energy to reorga-
§ nize themselves. Thus the surface roughens after the deposi-
T 10007 tion of the first layer of Co atoms and the roughness develops
§ 900 with the proceeding of the deposition process, resulting in
= the polycrystalline bcc and hep structures and differently ori-

ented magnetic domains. The existence of different Co do-
mains results in the degradation of magnetization of the Co
films compared to the bulk Co material.
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V. CONCLUSION
Fic. 4. Magnetization of Co films with different thicknesses deposited by . -
e-beam evaporation. The horizontal solid line shown near the top is the We have deposited Co films on the Ga@@1) surface by

magnetization of bulk Co material. using an e-beam evaporation method. The magnetic proper-
ties of the Co films have been measured by SQUID com-
bined with RBS. The magnetization of the Co films is found

ropy in the Co film exists. Practical applications of ferro- to decrease with the increase of film thickness. The degrada-

magnetic materials may require a magnetic thin film to havéion of the magnetization of the Co film with the increase of
a single magnetic domain state with a preferential magfilm thickness is attributed to the roughness on the Co sur-
netization axis. This feature is typical for a film with face and/or Co/GaAs interface during the Co deposition.

good surface ordering. The material needs to be a single
crystal and the surface should be well ordered over a on@CKNOWLEDGMENTS
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