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Magnetic bipolar transistor
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A magnetic bipolar transistor is a bipolar junction transistor with one or more magnetic regions,
and/or with an externally injected nonequilibriufsource spin. It is shown that electrical spin
injection through the transistor is possible in the forward active regime. It is predicted that the
current amplification of the transistor can be tuned by spin2@4 American Institute of Physics.
[DOI: 10.1063/1.1637954

We proposk a novel device scheme—the magnetic bi- electrode at each region, generating blag across the
polar transistoMBT)—which builds on the existing tech- emitter-base andv,. across the base-collector depletion
nology (bipolar junction transistdr), adding spin degrees of layer. The base is magnetic. For simplicity only electrons are
freedom to the current carriers. A MBT is a bipolar spin-spin polarized. The equilibrium spin polarization in the base
tronic device: its functionality is defined by the transportis agp=tanh@/ksT),® where 2y is the conduction band
properties of electrons, holes, and their spins. While bipolafpin splitting (assumed to be uniform across the based
spintronic§~" still relies on experimentally demonstrated

fundamental physics conceptsuch as spin injectiofi;** forward Ieverse
spin filtering? or semiconductor ferromagneti$tn® rather CA)

than on working devices, recent experiméftéon spin in- 2qC ¢ :

jection through bipolar tunnel junctions prove the potential A A

of the spin-polarized bipolar transport for both fundamental b Se oo

physics and useful technological applications. Materials Eg (N ¢Vi ~Vbe

progress towards bipolar spintronic devices, including the I Vi-Vp
MBT,! is reviewed in Ref. 18, while a prototype of GaAs- voee
based MBT has recently been fabricatédHere we analyze
MBTs (other types of spin transistors were proposed in Refs n emitter p base n collector
20-26, with a magnetic base and a source spin in the emit- / \b N

ter. We predict that spin can accumulate in the collector due € e g
to the electrical spin injection, and that the current amplifi-
cation of MBTs can be controlled by spin.

Crucial to MBTs is the use of magnetic semiconductors
where the splitting of the carrier bands produces spin-
polarized electrons or holes with the spin polarization of < € u

J

10% or more. The carrier band splitting can be of the Zee-
man or the exchange type. The former arises from layge
factors(for example, in CgogVing gsSe theg factor exceeds W Wb ~w.
5002’ while it is as large as 50 in InSb at room temperakure ¢ ¢

and an application of a magnetic field, while the latter come$!G. 1. The scheme of anpn transistor with a magnetic base. The top

; ; : : figure shows the bands. The conduction band is separated by the band gap
from the exchange coupllng n ferromagnetlc SemlcomjUCEQ from the valence band, and has a spin splittidgeman or exchangef

tors (about 10 meV. In addition to the equilibrium spin, @ g, leading to the equilibrium spin polarizatiary,=tanhgZ/ksT), con-
nonequilibrium(sourcg spin can be generated in the emitter stant across the base. Holes are unpolarized. The spin is indicated by the

with external spin injection, electrical or Optiﬁl. shade of the circlegdark and light. The emitter—base junction is forward

. . . . . biased with voltagd/,,>0 lowering the built-in voltagé/; and narrowing
Our model is described in Fig. 1. We consider r|on the depletion layeshadeg, while the base—collector junction is reverse

structure doped witlN 4 donors in the emitteiN,, acceptors  biased with voltageV,.<0, widening the depletion layer. Electrons flow
in the base, antlly. donors in the collectors. There are two easily from the emitter to the base, where some of them recont@ashed

depletion IayerS' one between the emitter and the base tﬁiees) with holes, the rest being swept by the electric field in the base—
’ ' “collector depletion layer to the collector. Holes, which are the large part of

other between the base and the collector. The transistor iSge base current, flow to the emitter. The flow of electrons and holes is
three terminal device: there is a contact with an externatiepicted { are the corresponding charge currgrits the bottom figure,
where also the effective widthe are indicated. Symbole, be, andc,

which stand for the regions at the edges of the depletion layers, are used to

3E|ectronic mail: jaroslav.fabian@uni-graz.at label the corresponding electron and spin densities. The electron flow is
YElectronic mail: igorz@physics.umd.edu spin-polarized, as indicated by the shading of the arrows.
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kgT is the thermal energy. The nonequilibrium spin polariza- 800
tion injected externally into the emitter i8,. We assume i
that this source spin is injected within the spin diffusion
length of the emitter-base depletion layer so thatis a
representative value also in tleeregion at the edge of the 1
layer (see Fig. L The equilibrium number of electrons in the @ 400
base depends on the equilibrium spin polarizafion,

nObz(niZ/Nab)(ll\/l_agb)a (1) 200

where n; is the intrinsic carrier density. The equilibrium i
number of holes in the emitter j&.=n?/Nye. For simplic-

ity we assume that the electron and hole diffusivifigsand 0 08 06 04 02 0 02 04 06 08 1
D,, the electron and hole diffusion lengthg andL,, and s

the electron spin diffusion lengthg, are all uniform. The
effective widthsw (which depend on the biases as well as on
agp") of the three bulk regions are defined in Fig. 1.

We consider the most useful forward actiiaso called
amplification regime of the transistor, where the emitter-  Spe=Nop€ "0 8" (argp+ are). (©)
base depletion layer is forward bias&l,.> 0, and the base-
collector junction is reverse biased,.<0, as shown in Fig. The nonequilibrium electron density injected into the base
1. Furthermore, we assume the small injection limit wheredepends on the producteaqy, realizing the Silsbee—
the excessginjected electron densities anywhere in the struc- Johnson spin-charge couplifg®® If a.=0, Eq.(2) reduces
ture are smaller than the equilibrium densities determined b{P the standard Shockley’s equatfdor the nonequilibrium
the doping. The resulting flow of electrons and holes is deMinority electron density in a biasqgi-n junction.
picted in the bottom part of Fig. 1. Consider the electrons e next model the base-collector junction as another
first. As the barrier between the emitter and the collector ignagneticp—n junction. This junction is reverse biased, and
lowered byV,,, the electrons flow easily to the base, form- hasboththe equilibrium spin polarizatior, and the source
ing the electron emitter currenf. In the base the excess SPIN densitys,. in the p region (basg. This is the case of a
electrons either recombine with holes, producing the basg'agnetic solar ceﬁ,§|nce the electron and the source spin
recombination current?, or diffuse towards the base- Qen3|t|e§ in thep region mimic the carrier and spin genera-
collector depletion layer. This layer is reverse biased so thaion by light. For this case our thedrgives
all the electrons reaching it from the base are swept by the Ve Tk T
large electric field to the collector, forming the collector cur-  S¢™ Y1Sbe™ Y1Mop€ ™8 (@op + ate), S

rentj. Holes need to be supplied from the base to go in the .
forward direction to the emitter, forming the hole bagg, wherey,~ (Ls/Wy)tanh{ie/Ly). The accumulated spin polar-

and the hole emittej?, currents. The total emitter current is iza_tipn, Wh.iCh s the measure of the ele_ctriqal s_pin injection
jo=i"+iP and the toﬁal collector current js=j". The base gfflClency, iSac=5c/Ngc.- Typ|cally the spin diffusion length
current isj,=je—Jc. The current amplification coefficient n the CO”eCtOrL?Wb’ Woh'Ch means thadr; can b_e a con-
(gain) is defined as3=j./j,, being about 100 for practical siderable fractior{say, 10% of a. or aqy . What is interest-
transistors: for a small variation ify, (input signal, there is M9 ™" Eq.(4) is the fact thatvg, plays the same role ag, in

a large variation inj. (output signal. In the following we the spin injection: the equilibrium spin can cause spin accu-

show that the electron flow in MBTs brings about spin accy-Mulation in the low injection limit, because it leads first to

mulation (nonequilibrium spip in the collector, proving the giorzjeqw\lllvl:;‘rlurm S?r:nsbe' r;]l'hllstih?s nnon atnralogltlfnr r:qatgk]‘netlrc
possibility of the electrical spin injection. We also show that 0des, where spin accumuiation cannot resuitiro © pres-

L . ence of just an equilibrium spin polarization.
depends on botlk, and onegy,, predicting a spin control . P . .
Oﬁf thg gain © oo+ P gasp Spin control of current amplificationWhen written in

Electrical spin injection Our goal is to calculate how terms ofn,%e, tT]e formt:jlasdfor the cur_regy% ?nd]c are the
much spin polarizationy,=s;/Ny. will accumulate in the same as for the standa onmagnetl): Ipolar transistors
collector in response to the nonequilibrium spip and the derllved by Shocklgfr.After we wr.|te those formulas for the
equilibrium spin ag,. Although, strictly speakingar is active forward regime, we substitute E@&) for n,. and ob-

evaluated at the pointt at the depletion layer edgsee Fig. tain the dependence of the currefiéd of 5) on a. and
1), it also represents the spin accumulation within the spina(’b' . .
diffusion length into the collector. We model the emitter-base The emitter current is
junction as a forward biased magnepe-n junction with
equilibrium spin polarizationxgy, in the p region (base and
source spin polarizatiom, in the n region (emittep. Our
theory of magnetigp—n junctions determines the electron
npe and spins, . densities at thée region(see Fig. 1 at the
depletion layer edge:

FIG. 2. Calculated current amplification coefficighias a function ofxg,
for a fixed @, . The dashed line is Eq10).

je=jSb(nbe/nOb)+jge(pe/p0e)r 6)

where the electron generation current isjgb
=(gD,/L,)ng, cothfn,/L,), the hole generation current is
jge= (aDp /L) Poe cothfwe /L), and the injected hole density
in the emitter ispe= Pge €XPAVhe/KsT). The collector cur-

Npe=NgpedVbe*8T(1+ woaqy), (2)  rentis comprised only of electrorifig. 1),
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Jc=JSb(nbe/nOb)CosﬁWb/Ln)- (6) that current amplification can be controlled by both the

T L source and the equilibrium spin, making MBTs attractive for
After evaluatingj,=j.—j. and substituting Eq.2) for ny,, spintronic applications.

it is straightforward to show that in the narrow base limit
(w,<L,,Ly) the gain is This work was supported by DARPA, the NSF-ECS, and

o the US ONR.
B=Uar+y"), (7)
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