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Above room temperature ferromagnetism in Mn-ion implanted Si
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Above room temperature ferromagnetic behavior is achieved in Si through Mn ion implantation. Three-
hundred-keV M ions were implanted to 0.1% and 0.8% peak atomic concentrations, yielding a saturation
magnetization of 0.3 emu/g at 300 K for the highest concentration as measured using a SQUID magnetometer.
The saturation magnetization increased-bx after annealing at 800 °C for 5 min. The Curie temperature
for all samples was found to be greater than 400 K. A significant difference in the temperature-dependent
remnant magnetization between the implanted p-type and n-type Si is observed, giving strong evidence that a
Si-based diluted magnetic semiconductor can be achieved.
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I. INTRODUCTION measure of the ferromagnetic properties and their depen-
dence upon temperature.

Utilizing the spin of the electron in semiconductor devices |n this paper, above room temperature ferromagnetism is
holds great potential to provide high-speed devicemeasured in Mn-ion implanted Si single crystals. Ferromag-
structures. The integration of ferromagnetism into these de-netic hysteresis loops and a Curie temperature greater than
vice structures is needed to couple to electron spin. Diluted0 K indicate the synthesis of a potentially new DMS ma-
magnetic semiconducto(®MS) have been demonstrated as terial in p-doped or n-doped Si samples. The strength of the
a successful method for integrating ferromagnetism througkerromagnetism is affected by the Mn concentration, thermal
doping of a semiconductor crystal with an additional transi-annealing, and carrier type of the Si, while the normalized
tion metal impurity such as Mfr> temperature-dependent behavior up to 400 K is only affected

Epitaxially grown llI-V semiconductors such as py the carrier type, suggesting that the ferromagnetic ex-
Ga,,Mn,As have achieved ferromagnetism with Curie tem-change is hole mediated.

peratures up to 110 K faix=5%) and have been success-
fully utilized as spin aligners in spin-LED devicé8-1°This
success has motivated the search for group-IV-based DMS
materials with high Curie temperatures due to their compat- The Mn-implanted Si samples were prepared from com-
ibility with conventional integrated circuits. Recently, an epi- mercially purchased single-crystal Si wafer-type
taxially grown single crystal of MiGe_, (x=3.5%) 10 cm or n-type 10°cm3). They were first cleaned in
achieved a magnetically ordered phase from a long-rangdiluted HF for 5 min to remove the native oxide on the sur-
ferromagnetic interaction at 116 ¥;epitaxially grown thin  face prior to implantation. The ion implantation was per-
films of CgSi;_, (x=0.5%) produced a material with a mag- formed with an Extrion 400 at a base pressure of 5
netic susceptibility that displayed spin glass-like behaviorx 1076 Torr. Mn* ions extracted from a plasma arc source
around 40 K2 and epitaxially grown MgBi,_, (x=5%) thin  were implanted at an energy of 300 keV at doses of 1
films produced a material with an anomalous Hall effeiete < 10" cm™ and 1x 10* cm™ The samples were held at
to internal magnetizationaround 70 K3 These finding are 350 °C during implantation to avoid amorphizatithFol-
also supported by theoretical calculations that have predicteldwing implantation rapid thermal annealing was performed
ferromagnetic ordering in group-1V semiconductbrs. on some samples at temperature of 800 °C for 5 min in a
lon implantation has also been utilized to achieve ferroforming gas of N.
magnetism in semiconductor crystals, and it is an attractive Measurements of magnetization vs applied field at 10, 77,
technique since it is routinely used in the manufacturing ofand 300 K were performed using a commercially available
integrated circuitd?~2° For example, 3 at. % Mn-implanted superconducting quantum interference dev8®UID) mag-
GaN and GaP achieved Curie temperatures of 270 andetometeqQuantum Design MPM§S which had a tempera-
250 K, respectively? Furthermore, ion implantation is at- ture range from 10 to 400 K. To determine Curie tempera-
tractive for a Si-based DMS, since Mn concentrations ofture (T.), the remnant field was measured under a zero
about 1 at. %~10?° cm™3 for Si) would be needed, exceed- applied field after cooling the sample from room tempera-
ing the solubility limit of Mn in Si (~10*cm™ at ture. The structural composition was investigated by means
1000 °Q.?* Some-what surprisingly, the fabrication of a of dynamic secondary ion mass spectrosc®MS) depth
Si-based DMS via ion implantation of Mn has not been re-profiling (Perkin-Elmer PHI 6300 QuadrupgleThe mea-
ported. Only recently, have the structural properties of Mn-sured profiles had a Gaussian shape peaking at 260 nm with
ion implantation into Si been studié&?®Missing from both  a full-width half-maximum (FWHM) of 120 nm in good
the epitaxially grownMn, Ce-doped silicon thin-film stud- agreement with Monte Carlo simulations. The Mn concen-
ies and the Mn-ion implantation into Si studies is a directtration was calculated by using the density of Si which gave
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FIG. 1. (top) Ferromagnetic hysteresis loops at 10 K for Mn- -2 0 2
implanted p-type Si with no post-implant anne@ottom) Hyster- H (kOe)

esis loops taken at 10 K for Mn-implanted p-ty(s®lid markery
and n-typgopen markersSi after rapid thermal annealing. Data for FIG. 2. (top) Temperature dependence of the normalized rem-
unimplanted pure Si sample are also shown for comparison. nant magnetization for Mn-implanted Si both p-tyjselid markers
and n-type(open markers A Bloch law dependence is fittgdolid
Mn peak concentrations of 0.1 and 0.8 at. % for the lowefine) with 90% confidence(.bottom)_ Ferromagngtic hystere_sis loops
and higher implantation dose, respectively. The SIMS deptfit 10, 77, and 300 K from Mn-implanted Si after rapid thermal
profiles were calibrated by measuring the crater depth usir’l%nnealmg. The mse_t shows a ferromagnetic hysteresis loop at
a stylus profilometer. No detectable contaminant such as 00 K before annealing.
was found in either nonannealed or annealed implanted Si
wafers as determined by x-ray photoelectron spectroscopy
(XPS) or Rutherford back scatterindRBS). Finally, Hall ef- The normalized temperature-dependent remnant magneti-
fect measurements on the initial p-type doped samples didation curve[M,/M,(10 K) vs T] of 0.8 at. % Mn-ion im-
not show a significant change in carrier concentration afteplanted p-doped and n-doped Si crystals between 10 and
Mn implantation. 400 K under zero applied magnetic field is shown in Fig. 2
(top). The samples were zero-field cooled from room tem-
perature to 10 K prior to the magnetization measurements.
lll. RESULTS The normalized data for all the p-type doped samples dis-

Magnetization curvesM vs H) at 10 K for all samples played similar tem_perature-dependent behayior; hence, only
are shown in Fig. 1. Ferromagnetic hysteresis loops are ofh® 0.8 at. % Mn-implanted samples are displayed. Ferro-
served in the Mn-ion implanted Si samples. The linear backMagnetic order from 10 to 400 K is observed with the mag-
ground diamagnetic behavior of the Si was subtracted for affetization decreasing to 60% of its initial value at 400 K. A
the displayed data. The nonimplanted Si, both before an8loch law dependencéM «T?) is fit to the data over the
after annealing, has no net magnetic moment, whereas ttiemperature range.200 K with a 90% confidence. For the
saturation magnetization increases with Mn concentrationn-type sample, an initial rapid decrease of the magnetization
Post-treatment annealing increases the saturation magnetizaith temperature is followed by a much slower decay at
tion by ~2X as displayed in Fig. {bottom). The saturation temperatures above 50 K, finally reaching 40% of its initial
magnetization is weaker for the implanted n-type Si. Thevalue at 400 K. Hysteresis loops at 10, 77, and 300 K for
coercive field is~250 Oe for all samples. The mass of the 0.8 at. % Mn-ion implanted p-doped Si are also presented in
sample was calculated by taking the FWHM of the SIMSFig. 2 (bottom). The inset shows hysteresis at 300 K of the
profile. same sample prior to annealing.
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IV. DISCUSSION samples, indicating a stable and fully persistent ferromag-
Similar to other Mn-doped semiconductors the netic state as observed_ by thg Bloch law dgpendence._ln con-
Mn-implanted Si crystals show ferromagnetic ordering. Ferirast, the n-type material exhibits an atypical magnetization
romagnetic ordering in a DMS arises from the long-rangefurve usually found in weakly coupled systefidThis be-
ferromagnetic coupling of the magnetic moments of thehe_lwor_ further suggests that th_e ferror_nagnetlt_: exchange cou-
sparsely distributed Mn impurities, which overcomes theP!ing is hz%le mediated, and is consusg;nt with other DMS
short-range antiferromagnetic exchange that occurs in bulRystem&"Z®and theoretical treatmenfts™ , _
Mn. The long-range exchange coupling is also hole mediated Of great concern when measuring magnetic properties of
and therefore sensitive to the carrier type and carrier concedlPlanted semiconductors is the presence of second phases
tration. This hole-mediated exchange is demonstrated by th@ crystallites and their effect upon the magnetic properties.

n-type sample having weaker saturation magnetization thahheSe second phases or crystallites can give rise to super-
p-type, as displayed in Fig. 1. The strength of the saturatioR@ramagnetic behavior where a blocking temperature is ob-
magnetization increases~2Xx after annealing from Served below which the magnetization vanishes in zero-field

0.3 to 0.6 emu/g for the 0.8 at. % concentration. Annealingc00led magnetic measuremefitsClearly, the temperature-

heals the damage in the crystal that arises from the implarfi€Pendent ferromagnetic behavior of this Si:Mn systtres
tation process, possibly increasing the strength of the holg?0t have a blocking temperature, and fully saturated hyster-
mediated exchange coupling. esis loops are obt.alned_at _10, 77, and 30QcK Fig. 2) _
The saturation magnetization after annealing of theiowever, further investigation in structural properties is
0.8 at. % Mn concentration corresponds to a Bohr magnetoR€eded to clearly determine the presence of clusters. The
(1) per Mn atom of~1.5 ug, indicating that 30% of the ferromagnetic properties may be affected by the formation of

Mn atoms are participating if each Mn atom has the momengystallites, but the presence of Clus_ters of a few magnetic
of an isolated Mn atom of 5. For the 0.1 at. % concentra- 210MS would not exclude carrier-mediated ferromagnetfsm.
tion the magnetic moment per Mn atom is very close to

5 ug, indicating that almost all of the Mn contributes to the V. CONCLUSION

e>'<change .coupling. For comparison, almost 60% of Mn_con- Above room temperature ferromagnetism has been
tributes in 1“{'3-01690-99 and 13% contribute N ,chieved in Mn-ion implanted Si. The structural and mag-
Gy 9gMNg 0AS. =" The observed decrease in the number Of,qiic gata indicate the formation of a single-crystal material
contributing Mn atoms with increasing concentration is it ferromagnetic ordering. The remnant magnetization and
strong evidence that the short-range antiferromagnetic Colrs gependence upon temperature is strongly affected by the
pling is overcoming the I_ong-Srange interaction due to thegonant type, suggesting that the ferromagnetic ordering is
closer spacing of the Mn iorfs®> The very large fraction of e mediated. These results indicate that it may be possible
the Mn ions that contributes when the Mn peak concentration, tapricate a Si-based diluted magnetic semiconductor, fur-

is extremely low(0.1 at. % indicates that the short-range thering the potential for Si-based spintronic devices.
antiferromagnetic exchange coupling is almost nonexistent.
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