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Spin-valve transistors with high magnetocurrent and 40 MA output current
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The electrical characteristics of silicon-based spin-valve transistors are reported, focusing on how
the output current and magnetocurrent depend on the magnitude of the emitter current. Transistors
with a different combination of Schottky barrigiSi/Au and Si/Cywere used. The collector current
rapidly increases with emitter current, without significant loss of magnetocurrent. Spin-valve
transistors with magnetocurrent around 400% and high output current up taAdGre
obtained. ©2004 American Institute of Physic§DOI: 10.1063/1.1687258

The control of electron spins in semiconductors and theithe MTT, an increase of the emitter voltage leads to a rapid
hybrid structures is at the heart of the rapidly developingincrease of the output collector current, but at the expense of
field of spintronics. One of the devices that were successfully significant reduction in the M&? In this work we show
demonstrated is the spin-valve transist&VT), a hybrid that for the SVT, the transfer ratio and MC are insensitive to
semiconductor/ferromagnet device that exhibits large roonthe emitter current, because the energy of the hot electrons
temperature magnetocurrefC) up to 400% in small injected into the base is only weakly dependent on the emit-
fields1~*While the SVT has provided significant progress in ter voltage. We shall demonstrate that the emitter current can
the understanding of spin-dependent transport of hot eledse increased without significant loss of magnetocurrent, such
trons in ferromagnetic thin film structuréshe current trans-  that spin-valve transistors with magnetocurrent around 400%
fer ratio (collector current ¢ divided by emitter currenkg) and high output current up to 4@A are obtained.
has so far been limited to about 10 The result is a rela- We have used two of the SVT’s for which room tem-
tively low output current, which needs to be improved. Oneperature data at low emitter current were previously
of the options is the magnetic tunnel transistviTT), a  reported® The devices have Si as emitter and collector and
device that is derived from the SVT and differs in the use ofthe following base: Au (2@)/NigFe, (30 A)/Au (70
a tunnel junction as the emitter, instead of a Schottky barriefd)/Co (30 A)/Au or Cu(40 A). One SVT has a Si/Au barrier
This allows higher hot-electron energy and a reduction of thdor emitter as well as collector, such that the barrier height
number of metal layers and interfaces in the transistor baselifference is negligible(0.01 e\j. The other has a Si/Cu
which are both beneficial for the base transmiséibithere-  collector barrier that is 0.13 eV lower than the Si/Au emitter
fore, the MTT should, at least in principle, allow signifi- barrier. The active device area is 36850 um?. Further de-
cantly higher current levels to be obtained. tails can be found in Ref. 6. Measurements presented here

Unfortunately, the improvement as compared to theare performed at 100 K in constant current mode for emitter
state-of-the-art SVT’s has been only modest. Current transfezurrent up to 250 mA. This is much larger than used before,
ratios around 10° have been obtained in MTT’s that have but still an order of magnitude below the current at which
only a single ferromagnetic layer in the base, with on top alevice breakdown occufS.The maximum applied emitter
tunnel insulator and a ferromagnetic transition metal emittewvoltage is about 2.5—3 V and drops mostly over the ohmic
electrod€. The emitter current is spin polarized due to spin-back contact to the diode. The maximum voltage across the
dependent tunneling, but the MC is only 70—-90% as it isSchottky barrier itself is estimated to be 0.8 V. No bias volt-
limited by the finite tunnel spin polarization of the emitter. age was applied across the collector diode. The magnetocur-
This limitation does not exist for MTT’s with two ferromag- rent is defined as M€ (16— 127)/127, wherel? and I2P
netic layers(i.e., a spin valviin the base, in which case the refer to the collector current for paralléP) and antiparallel
emitter current is injected by tunneling from a nonmagnetic(AP) states of the spin valvéhereafter denoted as )svihe
metal as emitter electrod€.This type of MTT can have MC  transfer ratio is defined d$/1¢ .
comparable to that of the SV1400—-600 % for appropri- Figure 1 shows the results for the SVT with Au/sv/Cu
ately chosen thickness of the ferromagnetic layers. Howevehase. As can be seen in the top panel, the collector current
the transfer ratio is reduc&tb about 3<10™4, which is only  increases approximately linearly with emitter current and
three times that of the SVT. Furthermore, there is a basiceaches values up to 44A. Since the increase is approxi-
difference in the variation of the output current of both de-mately equally strong for P and AP magnetic states of the
vices when the emitter currefdr voltage is increased. For spin-valve base, the resulting M@niddle panel is only
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FIG. 1. Collector current, MC, and transfer ratio as a function of emitter FIG. 2. Collector current, MC, and transfer ratio as a function of emitter
current for a SVT with Si/Au/NiFe/Au/Co/Cu/Si structure= 100 K. current for a SVT with Si/Au/NiFe/Au/Co/Au/Si structuré= 100 K.

weakly reduced and remains around 400% up to the largeshaximum is enhanced. However, the 10—20 meV change is
emitter current. The transfer ratio of the SVT is 1.55small compared to the energy of the hot electrons injected
X 10™* at low current, and increases slightly to 1750 % across a Si/Au Schottky barrier of 0.83 eV. This explains the
at 250 mA of emitter currentbottom panel Thus, we find weak but measureable increase of the transfer ratio at larger
that the main features of the SVT are only very weakly de-emitter current.
pendent on the emitter current, and that the collector current For a SVT with Si/Au barriers for emitter as well as
of the SVT can be increased without significant loss of MC.collector, the hot-electron energy is comparable to the height
The data convincingly show that the collector current of theof the collector Schottky barrier. In that case electrons enter
spin-valve transistor is by no means limited to the nanoamstates near the bottom of the conduction band of the collector
pere regime, but that a high output current aboveu#0and  Si and one may expect that a slight change of the hot-
large magnetocurrent around 400% can be obtained. electron energy has a more pronounced effect on the transfer
The results can be understood by considering how aatio. This is indeed what is observed for the SVT with Au/
voltage affects the current injected across a Schottkgv/Au base, for which data are presented in Fig. 2. When the
barrier!! For diodes on Si with the low dopind.—10Qcm) emitter current is raised to 250 mA, the MC remains close to
used here, transport is dominated by thermionic emissio00%. However, the collector current increases more than
For an ideal Schottky barrier all the applied voltage dropdinearly and there is a significant increase of the transfer ratio
over the semiconductor, such that the energy barrier as seéry about a factor of 3. The different behavior as compared to
by carriers coming from the Si is reduced and an emittethe SVT with Au/sv/Cu baséFig. 1) is not due to a differ-
current is established. However, the maximum of the energence in emitter Schottky barrier, since the barrier height
barrier, when measured with respect to the Fermi level in th€0.83 eV} and ideality factor(1.02) are identical for both
metal base does not change. Since the barrier maximumSVT's. Note that the SVT with Au/sv/Au base has a smaller
determines the energy of the injected hot electrons, an intransfer ratio £10°°) than the SVT with Au/sv/Cu base,
creased emitter voltage produces a larger number of injectediue to the larger density of available states in the collector
electrons, but no change in their energy. This explains whyonduction band for the latter, as noted previodsly.
the collector current is enhanced without significant change The difference in sensitivity of both SVT's to small
in the MC or transfer ratio. changes in the hot-electron energy is also reflected in the
The measured ideality factofl.02) deviates slightly temperature dependence of the transfer r@ig. 3). For the
from unity due to the effect of image forcdon the barrier Au/sv/iCu base, the transfer ratio is reduced from 1.6
height. For Si/Au diodes the effect is typically of the order of X 10~ * at 100 K to about X 10~ at room temperaturéhe
10-20 meV, depending on the electric field at the Au-Sisudden increase near 290 K is an artifact due to the onset of
interface’’ When the diode is forward biased, the barrieredge leakage currents in the Si/Cu collector dipd@he

Downloaded 28 May 2004 to 130.89.19.36. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 11, Part 2, 1 June 2004 Jansen et al. 6929

ool ' ' ' P When the emitter voltage of the MTT is increased by an
_ :23 gz;g:’ _ amountAVg, one increases the energy of the hot electrons
o B 1is i thaF are |njeg§ed into the base by the same amAy. For
% | _L"-r..._... ’ % typ|call transition metal ferromagnet€o, NiFe, an_d CoPe .
® e, o i the spin asymmetry of the hot-electron attenuation length is
5 O sooonie 110 g reduced at higher hot-electron enefdy.Therefore, the MC
% _O,o.ooo>°'°° g of a magnetic tunnel transistor is significantly reduced at
& 05 o,oooo’o 405 S high emitter voltagecurreny. In contrast, we have shown
here that for the SVT the emitter current can be increased
00— T s =0 20 300 ° without significant_ changes in the hot-electron energy, su<_:h
temperature (K) that the large MC is preserved. Thus, we have obtained spin-

valve transistors with large magnetocurrent around 400% as

FIG. 3. Transfer ratio vs temperature for two SVT's with Si/Au emittter well as high output collector current up to 40\
Schottky barrier and identical spin valve, but different collector barrier,
respectively, Si/Auopen symbolsor Si/Cu(solid symbol$.

ACKNOWLEDGMENTS

We acknowledge financial support from the Royal Neth-
decay of the base transmission at higher temperature is we#flands Academy of Arts and Sciencg&NAW), the Foun-
understood, and is due to the reduction of the hot-electrofation for Fundamental Research on MatfedM), and the
attenuation length due to enhanced scattering by thermal spiRuropean Commission.
waves in the ferromagnetic layet$? Since an identical spin
valve was used, one would also expect to see a decay o]fD.J. Monsma, J.C. Lodder, Th.J.A. Popma, and B. Dieny, Phys_. Reuv. Lett.
transfer ratio for the other SVT with Au/sv/Au base. How- % 5260(1995; D.J. Monsma, R. Vlutters, and J.C. Lodder, Scie28e,

. . . . . 407(1998.
ever, Fig. 3 shows JUSF the opposite, i.e., a rather large in2p s anil Kumar, R. Jansen, O.M.J. van 't Erve, R. Viutters, P. de Haan,
crease of transfer ratio from 0«10 > at 100 K to 1 and J.C. Lodder, J. Magn. Magn. Mat&i4, L1 (2000.

x10°% at room temperature. The enhanced base transmis3-R~ Jansen, P.S. Anil Kumar, O.M.J. van 't Erve, R. Vlutters, P. de Haan,

. . . and J.C. Lodder, Phys. Rev. Le85, 3277(2000.
sion can be explained by an increase of the hot-electron ens Jansen, J. Phys. 86, R289(2003.

ergy, in this case induced by a change in temperature. Fromk. mizushima, T. Kinno, T. Yamauchi, and K. Tanaka, IEEE Trans. Magn.
the equations of thermionic emission, it can easily be seer1633, 3500(1997. _ _
that for a Schottky barrier of heigkipB most of the injected 0.M.J. van 't Erve, R. Vlutters, P.S. Anil Kumar, S.D. Kim, F.M. Postma,

. R. Jansen, and J.C. Lodder, Appl. Phys. L&€.3787(2002.
electrons have energies betwed and ®g+3kT, where 75"\ pijken, X. Jiang, and S.S.P. Parkin, Phys. Rev6@3 094417
3KT increases from~=25 meV to~75 meV between 100  (2002; Phys. Rev. Lett90, 197203(2003.

and 300 K. This effect, combined with the sensitivity of the zR- Sato and K. Mizushima, Appl. Phys. LeT, 1157(2002).
Au/sv/Au SVT to small changes in the hot-electron energy, S.O\éz;n Dijken, X. Jiang, and S.S.P. Parkin, Appl. Phys. L8®. 775
more than compensates the _reductlon in the bas_e transm'ﬁS.D. Kim, O.M.J. van 't Erve, R. Vlutters, R. Jansen, and J.C. Lodder,
sion due to spin-wave scattering, leading to a net increase OfIEEE Trans. Electron Devicet9, 847 (2002.
the transfer ratio. 113 M. Sze,Physics of Semiconductor Devic@nd ed.(New York, Wiley,
: 1981.

The results pres?nFed here show that the basic ma.gnezR. Vlutters, O.M.J. van 't Erve, S.D. Kim, R. Jansen, and J.C. Lodder,

totransport characteristics of the SVT depend on the emitter ppys Rev. Lettgs, 027202(2002.

current or bias in a distinctly different way than for the MTT. **W.H. Rippard and R.A. Buhrman, Phys. Rev. L&, 971(2000.

Downloaded 28 May 2004 to 130.89.19.36. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



