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Bipolar transistors with a ferromagnetic base are shown theoretically to have the potential to
generate almost 100% spin-polarized current injection into nonmagnetic semiconductors. Optical
control of ferromagnetism and spin splitting in the base can lead to either long-lived or ultrafast

switching behavior. Fringe field control of the base magnetization could be used for information

transfer  between metallic  magnetoelectronics and  conventional  semiconducting

electronics. ©2003 American Institute of Physic§DOI: 10.1063/1.1586996

One motivation for semiconductor spin electronics hasThe first is a dramatic spin-filtering effect on carriers passing
been the seminal suggestion of Datta and Das of a “spirirom the emitter to the, base, the second is spin-selective
transistor.”! A burst of recent activity demonstrating control- conduction electron spin flipping within the, region, and
lable fabrication of ferromagnetic semiconductors and theithe third is spin-selective recombination within tpe re-
incorporation into heterostructures has led to several addigion. The result is a large current of highly spin-polarized
tional device suggestions. These include a “spin filtér,” electrons into the nonmagnetic collector of the device. This
“spin-resonant-tunneling-diode? “unipolar spin  spin-polarized current can be controlled by any scheme
transistor,” “magnetic Zener tunnel diode” and “mag-  which controls the orientation or magnitude of the base mag-
netic p-n diode.”® At the same time, progress on the prob- netization. The influence of these processes on the spin po-
lem of spin injection into nonmagnetic semiconductors hadarization of the collector current is calculated within “gen-
been reported, both from magnetic semiconduéfomnd  eralized Shockley approximations,” namely that the transport
from magnetic metal®; Hybrid transistor devices incorpo- in the emitter, base, and collector is diffusifetransport
rating both semiconductors and ferromagnets, such as ttiBrough the depletion layers is ballistic, and recombination
spin-valve transistof’ have demonstrated magnetoresis-and spin flipping can be neglected in the depletion regions.
tances exceeding 300%, but suffer from low efficiency for ~ The spin-filtering effect originates from the spin splitting
current transport through the base to the collector. Additionaff the minority (conduction electronband edges in the;,
hybrid systems are also under developntént. base(shown in Fig. 1. The valence band is spin split in a

Here, we propose a general class of semiconductor dd-doped magnetic semiconductor such as GaMnAs, and es-
vices, based on bipoldjunction transistors?* but enhanced timates of this spin-splitting range from 20-100 meV. The
in functionality by the use of a magnetic semiconductor inconduction band should be split as well through hybridiza-
one or more regions of the device. Although improvements

may be achieved by this substitution for any transistor re- spin-dependent

gion, (emitter, collector, or bagave will emphasize the dra- spin fitering recombination or
matically enhanced functionality when a magnetic semicon- 00 00— 00 spm-ﬂg r‘a)te
ductor (indicated by the subscrigt or |, oriented along the ' _ — ﬂ —

direction of magnetizationis used as the base of a bipolar ~ Spin-polarized 00 - -

transistor while the emitter and collector remain nonmag- g::g:‘gg;”s

netic. We will focus our description on-p;-n transistor

structuregshown in Fig. 3, althoughp-n;-p transistors will C%%nnﬂ;(;'%ttﬁ?gl Ve N Ve
behave in an analogous way. Whi{ga,MnAs grownasa [ _____ 0
random alloy isp type, recent advances in the synthesis of valence

digital ferromagnetic heterostructures allow independent band edge i

control of electronic and magnetic properttéshis should emitter mi‘{;ﬁ 'C collector

allow for the implementation of either transistor geometry.
In this structure, three general spin-selective processe%iG- 1. n-p;-n transistor. Thermally excited unpolarized electrons in the

: : : in i emitter are filtered at the emitter—base interface and can be further polarized
can potentially cause minority electrons in oped base, through spin relaxation or carrier recombination in the base. The result is a

which were injected from the nonmagnetiedoped emitter,  highly spin-polarized current in the nonmagnetic collector. The spin-split
to become spin polarized before passing into the collectoronduction- and valence-band edges are shown in the magnetic base, as well
as the conduction-band quasi-chemical potential. Daghadit)) lines are for

spin down(spin-up. Occupied stategelectron or holg are indicated with
3E|ectronic mail: michael-flatte@uiowa.edu shading.
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tion with the valence band and tkhidevels, by an energ$.. the collector current spin polarization will be given simply
Studies of 1I-VI magnetic semiconductors indicate tBat by Eg. (1), and for a thick base if recombination can be
will be a factor of 5 smaller than that of the valence bahd. neglected, by Eq(3). If S;>kgT in Eq. (1), the spin polar-
The influence of the conduction-band spin splitting on ourization of the collector current approaches 1, even though the
proposed device is quite dramatic even for small splittingsspin polarization of holes in the magnetic base may not be

for close to 1. For more general cases, the spin-selective trans-
port can be described by one-dimensional drift—diffusion

Nelo™ Nejo tions for the minority electrodhi’

—2 2% —tanh(S/2kgT), (1)  equations for the minority electro

Ng ot NB1o )

. Do . . . an; any npong oy

wherengg, is the equilibrium density of spis conduction EVT(9_+DT_2= _—— (4)
electrons in the base. When the device is biased the Shockley z Jz¢ Tl T TR
approximations fix the minority carrier quasichemical poten- an 7n N N n
tial on the emitter side of the base equal to the chemical Evl_l_i_Di_l: S (5)
potential in the emitte¢Fig. 1). In an ordinary transistor this 9z gz Ty T TRy

gives rise to the exponential dependence of the minority carrpage equations must be solved self-consistently with the
rier density of the base on the emitter—base voltags;. Poisson equation.

For a magnetic base, the enhanced minority carrier densities \ye goptain analytic solutions for the device properties

Ngs injected frqm the emitter wi.II Iikgwise increase exponen-¢.o Eqgs.(4) and (5) for the simplified(but plausiblé case
tially, and retain the spin polarization of E(L), of negligible spin relaxation in the base. Spin-relaxation
times measured in highly (2:810*° cm™3) p-doped GaAs
(20 indicated spin-relaxation times of~50 ps at room
temperaturé® Transit times much lower than this(1 ps)
If the band alignment is as shown in Fig. 1 theg >ng; . can be achieved with a sufficiently thin base. Then, the cou-
The degree of spin polarization is considerably more drapling between Eqs(4) and (5) can be neglected, and the
matic than that expected for tunneling through a spin-splidecay of the two spin components in the base is determined
barrier’® and occurs in any base region thick enough toby the differing mobilities, diffusion constants, and recombi-
eliminate tunneling from the emitter to the collector. nation times. We write)g; andJg|, where the charge cur-
The other two effects may dominate when the base isent is the sum of these and the spin-polarized charge current
thick enough either for spin flipping or for selective carrier is the difference of the two. We neglect the drift field in the
recombination to substantially modify the minority carrier base and denote the diffusion lengths= /D 7r. Hence,
spin polarization. Spin-selective conduction electron spirthe spin-polarizing effect of spin-selective carrier recombina-
flipping can originate, e.g., from the spin polarization of thetion is contained within the diffusion lengths, and the spin-
hole sea via an electron—hole scattering processg |If 7 ; filtering effect at the emitter—base interface manifests itself
=ng;/7;,, and neglecting spin-selective carrier recombina-through the equilibrium carrier density. The emitter current
tion, then there is a quasi-equilibrium electron spin polariza-density for spin directiors is
tion in the base given by

M, _Neso
Ng;  Ngio

dDggNeso _
- _ qQVeg /KT _
N, — Mg _ 741~ 7y JesT T [oosinWiLpg | © 1)cositWik g

Ng +tNg 7+ 7)°

)

I N . - Ik —qVeg/k
Near equilibrium, the polarization from Eg3) will equal — (e MeslkT—1)]— [edVeskT—1], (6)
that from Eq.(1) due to detailed balance. Fog>ng,, how- _

ever, the values could be different, as andr;, are depen- the collector current is

dent on the depsitiesnB_s. As a result, even tho.ugh 'Fhe . qDgsNBso CaVeskT_q

chemical potential of minority electrons is not spin split at cs= m[(e —-1)

the emitter side of the baggiving rise to Eq.(1)], because

qDEpEo
Le

the electrons are out of equilibrium with the holes, the spin- — (e 9Ver'kT—1)cosHW/Lgs)]

relaxation processes of the electron and hole spin densities D

could result in a spin-split electron chemical potential. + m[e*qvcslﬂ_ 1], (7)
Again, for a thick enough base, this minority spin polariza- Lc

tion [Eqg. (3)] would determine the spin polarization of the gnd the base current is
collector current.
Spin-selective carrier recombination most likely will oc- Jgs= Jes Jes: ®)
cur due to the spin polarization of the hole sea, and a simple The base width iV, the voltage between emitter and
model predictstg  /7r;=p;/p, . Unlike the other mecha- base isVge, and the voltage between collector and base is
nisms, spin polarization generated this way will continue toVcg. WhenW/Lgg is small,Jgs<Jcs, Which is the desired
increase as the base region thickness is increased, howegtuation for transistor operatiofcurrent gainJc/Jg>1).
the transport efficiency across the base will suffer. We assume that a sufficiently wide-gap emitter material has
As the collector current is proportional to the minority been employed and, therefore, we neglect hole current into
carrier density in the base, for the case of a thin base and ithe emitter(emitter efficiencyy~1). For appropriate values

the absence of other spin dependences in carrier transpodf Veg andVeg (Veg<O andVep>0),
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DgdNpss(e dVER'kKT—1) Virtual transitions induced by subresonant photons create
Jeos=— Lo SIN(W/Lgy) ; (9 shifts in the energies of the conduction-band edge in the
s Bs base. If the illumination is by circularly polarized light, then
qDgdNpss(€ VEB'KT—1) the shifts will differ for the two spin directions. Depending
JesT Lestan(W/lgy) (10 on whether the polarization of the subresonant light is paral-
. L . lel or antiparallel to the spin orientation of the lowest con-
We now analyze the spin polarization of the emitter andduction band, the spin splitting will either decrease or in-
co!lector c_urrt_ants. For Eq#9) and (10), for W/L35<1' the crease. This effect persists only as long as the optical field is
spin polarization of each of these currents is on and, hence, could permit rapid manipulation of the spin
J;—J;  Ngio—NgJo polarization of the collector current. lllumination with polar-
Ji+3, NgrotNepo’ (1) ization oblique to the base magnetization would produce co-
herent precession of electrons passing through the base.

Hence, we have verified our expectations guided by (Ey.
for thin bases. The spin polarization of the collector current  This work was supported in part by DARPA/ARO
can be larger or smaller than this for thicker bases but th®AAD19-01-0490, DARPA/ONR NO00014-99-1-1096, and
difference between the collector current and emitter currenthe ARO MURI DAAD19-01-1-0541.
grows, indicating a largefundesirablgbase current.
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