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Heterostructure unipolar spin transistors
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We extend the analogy between charge-based bipolar semiconductor electronics and spin-based
unipolar electronics by considering unipolar spin transistors with different equilibrium spin
splittings in the emitter, base, and collector. The current of base majority spin electrons to the
collector limits the performance of “homojunction” unipolar spin transistors, in which the emitter,
base, and collector are all made from the same magnetic material. This current is very similar in
origin to the current of base majority carriers to the emitter in homojunction bipolar junction
transistors. The current in bipolar junction transistors can be reduced or nearly eliminated through
the use of a wide band-gap emitter. We find that the choice of a collector material with a larger
equilibrium spin splitting than the base will similarly improve the device performance of a unipolar
spin transistor. We also find that a graded variation in the base spin splitting introduces an effective
drift field that accelerates minority carriers through the base towards the collecB0%American
Institute of Physics[DOI: 10.1063/1.1886267

I. INTRODUCTION diagram is the same as Fig. 2 of Ref. 9. Such devices can
ay a role in the design of reprogrammable logic elements,
agnetic sensing, and nonvolatile meméag suggested in
Ref. 9, and as differential spin current amplifiéf’sHere we
show that the use of A.> Ag improves the spin polariza-

: . . . : I
Semiconductor spin electronics provides the promise oﬁ]
integrating the nonvolatility of metallic magnetoelectronics
with the gain properties of semiconductor charge

electr-omcsl.'z .Semlc?n_ductor SPin .analogs_of ﬂezld effect tion of the collector current, the transconductance, and the
transistors(spin-FET'S™) and junctlop transsto‘r_’sl have . output conductance of the unipolar spin transistor. In so do-
been proposed, alth.ough the desired material properueiﬁ it is also possible to consider larger base dopings to re-
needed fc_)r these devices have yet to.be demonstrated. Rapa ce the base resistance and also the base-width dependence
progress is underway, however, both in the discovery of nevy voltage(the Early effecd®2Y). We further find that the use

ferromagnetic semlco.nductor materfdls® and in the im- of a graded spin splitting in the base can accelerate minority
provement of the Curie temperatures of already known ferbarriers through the base towards the collector, which im-
romagnetic semiconductot$:*® Thus continued effort is roves both the aain and the switching speed ’
warranted to further develop and improve device designg v gal Witching speed.
based on such materials.

In recent work we emphasized an analogy betweenll. HETEROSTRUCTURE UNIPOLAR SPIN
spin-based unipolar junction electronics and bipolar charg@RANSISTORS
ele(;;tropicz. n spin_—basfed unipqlarl elsctrgnicl:s thhe splin-u? The equations governing the emitter, base, and collector
and spin-down carriers from a single band play the role o . Lo ' .
majority and minority carriers ordinarily taken by conduction cyrrents of these transistors are S|m|lar.to those governing
electrons and valence holes in bipolar devices. The buildingpIpOIar transistors. The collector current is
block spin device in this approach is the spin didde, ___Aalg QBT _
which two similarly doped semiconductor regions of oppo- c~ sinh(W/LB)[(e )
site magnetization are placed in electrical contact; this situ- Vgl NegkT
ation naturally forms at a 180° domain wall. In this spin - (e71ed "~ 1)coshWiLg) | - Agd,d e?'ee™ - 1]
diode, majority(minority) carriers on one side of the device (1)
are spin-down(spin-up electrons and on the other side of
the device are spin-ufspin-down electrons. Under bias the
charge current is not rectified, but the spin current is. When Aqle _
two such devices are placed back-to-back in a transistor ge- 'E~ "~ sinr(W/LB)[(e eelT~ 1)coshWiLg)
ometry, they amplify charge current in a similar way to bi-
polar jyuncti())/n trapngstors.ql'he schematic unipolar sgin tran- — (e T 1)] + Aq et T - 1]. 2

sistor geometry is shown in Fig. 1. Fate=Ag=Ac this  The pase width i&V, the emitter and collector areas axek
is Boltzmann’'s constantj is the magnitude of the electron
¥Electronic mail: michael-flatte@uiowa.edu charge, and is the temperaturel,g=Dgng/Lg, WhereDg

and the emitter current is
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heterostructure unipolar spin transistor and for minority carrier injection of holes into theregion

(wide spin-splitting collector) are both reduced, and under reverse bias they are both in-

Ef- = - creased. Thus the problematic junction for bipolar transistors
is the forward-biased emitter-base junction, which can permit

E Ac base majority carriers to be injected at high concentration
L — ¥ into the emitter. This also makes it problematic to dope the

emitter . . . .

base = e base layer highly; high base doping would otherwise be de-
Vep< 0, Vgg>0 collector sirable, for it can reduce the base resistance and also the

Early effect?®? The introduction of a wide band-gap

FIG. 1. Band-edge diagram for a heterostructure unipolar transistor with ‘émitte?“'ZS can be used to keep the barrier high for injection
wide spin splitting collector. The spin splitting of the emitteriis, the base

is Ag, and the collector id. The band edges are shown fog>Ag, which ~ Of base majority carriers into the emitter. In a unipolar spin
is a good choice to reduce the spin-up current from the base to the collectodiode, however, the two types of carriers have the same
'_rhe solid lines are the band ed_ges for spin-down carriers_and_the_ dashqgharge_ Thus a bias which reduces the barrier for spin-down
'C'?zfnﬁ:r; r;etr’ft‘;? iﬁdgscshffégsig'n”'“p carriers. The dotted lines indicate thgja-trons to move in one direction will increase the barrier
' for spin-up electrons to move the other vx?alf.the emitter
chemical potential in a unipolar spin transistor increases,
is the diffusion constant in the basg,g is the equiliborium  then the barrier for spin-down electrons to move from the
minority spin carrier density in the base, abg is the mi-  emitter to the base is reduced, and in contrast to the case for
nority spin diffusion length in the basé,z andJ,c are de-  bipolar transistors, the barrier for the spin-up electrons to
fined similarly using the appropriate quantities for the emit-move from the base to the emitteriigreased The problem-
ter and collector, respectively. The voltage between emitteatic junction for unipolar spin transistors, therefore, is not the
and base i8/gg<0, and the voltage between collector and base-emitter junction. Instead it is the base-collector junc-
base isVcg>0. The base current igs=lg—I¢ (this is the tion, where an increasing barrier for spin-down electrons to
convention for common-base amplifierdVhen W/Lg is  move from the collector to the base implies a decreasing
small, Ig<lc, which is the desired situation for transistor barrier for spin-up electrons to move from the base to the
operation(current gainlc/1g>1). These equations were re- collector. This effect manifests in an unusual “collector mul-
ported in Ref. 9 for the base, emitter, and collector, all condiplication factor” M, defined as the ratio between the full
structed from the same material with the same dogilg  collector currentlc and the majority spin-direction charge
=Jos=Jo0)- currentICl.g'zl For a homojunction unipolar spin transistor
Except for the different base, emitter, and collector pa-  \j=1 + SinHW/LB)eq[VCBWEB]/kT' 3)
rameters, the assumptions underlying E@sand(2) remain
the same as in Ref. 9. We assume that a negligible number @d is close to 1 only ifW/L is small andVgg+Vcp<O0.
carriers flip their spin as they move across the junctions frond hus unlike a bipolar transistor, whepég| is kept small to
emitter to base, or from base to emitter. This is similar to thgeduce base majority current into the emitter, avigg| is
assumption that the recombination current in bipolar transistypically large (but under the avalanche threshplthe uni-
tors can be neglected in the depletion regions, and is esseRolar spin transistor operates bettdt ~ 1) if [Veg is large
tial for the bulk of the voltage drop to occur across the junc-2nd|Vcg| is small.
tion regions. Detailed calculations of spin transport ~ The solution to the current of majority base carriers to
properties across these magnetic interfaces indicate that tffge emitter in the bipolar transistor suggests an approach to
no-spin-flip condition can be mét2*We also assuniethat limit the .undesw.able spin-up current fro.m.the pase to the
the Boltzmann approximation for transport is valid, that thecollector in a unipolar spin transistor. Th|s is to introduce a
minority carrier densities are small compared to majority car-Colléctor with a larger spin splitting than in the base. In such
rier densities, and that no generation currents exist in th@ heterojunction unipolar spin transistor
junction regions. We assume the operation temperature is M =1 +(J,o/J,g)Sinh(W/Lg) e Vet VeslkT, (4)
sufficient to thermally excite minority carriers, but not so ) ) o
high that the junction is shorted by excessive conductivity! "€ NeW factodyc/Jog depends simply on the spin splittings
from those carriers. These are similar assumptions to thod8"0U9NNmc/Ne. Thus
underlying common bipolar transistors. _ M =1 +e Ac2e/KT(D L /DL c)sinh(WiLg)
We now take a closer look at the transport of carriers of o elVemVeslkT (5)
both spin directions through the device. Transport processes '
involved in the movement of spin-down carriers from thelf A exceedsig by severakT more thang(Veg+Veg), then
emitter to the collector behave nearly identically to thoseM can be nearly unity, corresponding to an almost entirely
involved in the motion of electrons from the emitter to the spin-polarized collector current of spin-down carriers.
collector in n-p-n bipolar transistors. For both the bipolar
junction transistors and the unipolar spin'trans.istors, howm_ SMALL-SIGNAL PROPERTIES
ever, there are also transport processes involving the other
species of carrier which can limit the performance of these A very recent analysis of homojunction unipolar spin
transistors. In g-n junction under forward bias the barriers transistor&® has suggested that the output conductance and
for minority carrier injection of electrons into the region  reverse feedback conductance may be high relative to bipolar
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junction transistors; this is a consequence of the larger prob-
ability for base majority carriers to enter the collector in
unipolar spin transistors than in bipolar junction transistors.
This analysis, when applied to heterostructure unipolar spin
transistors, yields the following results for the small-sighal
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heterostructure unipolar spin transistor
(graded base)

-

properties. The transconductance

o= dlc __ A
™ Vep vee KTsinhWiLg)

% quEC/kT]e_qVEE/kT _ %eqvcgﬂ

~ —AqZJOB e_qVEB/kT
KT sinn(W/Lpg)

_ %equB/kT_
kT

[1 - coslWILg)

base s
Veg< 0, Vg > 0 collector

FIG. 2. Band-edge diagram for the heterostructure unipolar transistor with a
graded base. Solid lines are the band-edges for spin-down carriers and
dashed lines are the band-edges for spin-up carriers. The dotted lines indi-
cate the chemical potential in each region. The grafigih the base pro-
duces an effective quasielectric field that accelerates the spin-down minority
carriers in the base towards the collector. It also is easier to combine the
graded base of the unipolar spin transistor with the wide spin splitting col-
lector because the narrowest splitting of the base occurs at the interface with
the collector.

As —qVegc>KT, the quantity in the square brackets can besuming exjoqVec/kT) <1 and exjpgVeg/kT) <1 leads to the
approximated as unity, leading to the final approximate exapproximate result foig,.. In the heterostructure unipolar
pression. Note that the current of base majority carriers to thepin transistor, the quantities which ideally should be large
collector directly reduces the transconductance of the unipog,,, andg,,) have terms proportional t@,g, and those which

lar spin transistor. The output conductance

0o= alc = AqZJOCquCB/kT
® OVecly, KT
Aqd
+ ﬁ‘cotl’(WILB)e‘qVCB"‘T
kT
~ 'i‘]oceqvcam’
KT
and the reverse feedback conductance
g.= g = - —AqZJOCquCB/kT
Vec | v, KT
. quJog[ll— cosmW/LB)]e_qVC kT
KT sinh(W/Lpg)
~- %eqvcam_
kT

As qVceg> KT, terms dependent on eimVcg/kT) are ne-

should be smallg, andg,), are only proportional tQl,c.
Hence we can dramatically improve the device performance
by taking J,c/Jo,g— 0. As we found above

JOC/‘]OB * noC/noB -~ e_(AC_AB)/kT- (10)

Thus the choice of a collector region spin splitting that ex-
ceeds the base region spin splitting by m&dywill signifi-
cantly reduce the undesirable conductances associated with
the homojunction unipolar spin transistor.

V. CONCLUDING REMARKS

We also mention briefly another beneficial design strat-
egy for the heterostructure unipolar spin transistor motivated
by proposals for base band-gap grading in heterostructure
bipolar transistor$*>—to grade the spin splitting through
the base. As shown in Fig. 2 the resulting quasielectric field
will accelerate the spin-down carriers through the base to-
wards the collector. The grading naturally places the smallest
spin splitting on the side of the base nearest the collector.
This will enhance the effect of the wide spin splitting collec-

glected in the final approximate result. The input conduc+or on reducing the base majority spin current to the collec-

tance isg,+g,, where

dlg _ Ag?J,glcoshWiLg) — 1]
Neslv,,  KTsinhWiLg)

w

X [1 + quEc/kT]e—qVEB/kT

+ A—quOCqucB/kT+ —AT:_‘IJ_OEquEB/kT

kT

B AqPJogcosWILg) — 1] o VegkT

KT sinh(W/Lg)

+ ’i‘loceqvcsm_
KT

In addition to the prior constraint ovizc, optimal operation

tor. The situation here is different from the bipolar transistor,
where the widest-gap region of the base is near the emitter,
requiring the use of an even wider-gap material for the emit-
ter region. Analytic expressions for the transistor currents are
no longer straightforward with the graded base, but the ben-
efit to transistor performance is clear. Faster minority carrier
transport through the base increases gain and decreases
switching speed!

The device performance advantages of using a hetero-
structure unipolar spin transistor over a homojunction unipo-
lar spin transistor are another example of the analogy be-
tween unipolar spin electronics and bipolar charge
electronics emphasized in Ref. 9. As the two carrier species
for unipolar spin transistors have the same charge, the device
region which should be modified to improve performance is

requires €Vgg>KT, as shown schematically in Fig. 1. As- the collector, not the emitter. Grading of the spin splitting in
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the base region also will enhance minority carrier transport (1999

through the base. We note that these modifications to the Spin}zefs%gﬁ'zgdz)mtta’ H. Takayanagi, and S. Datta, Phys. Rev. L8

splitting in the trans_lstor c_:onflguratlon dq not _affect. the al- 5, v Ting and X. Cartoixa, Appl. Phys. Let81, 4198(2002.
ternate(shorted configuration of the transistor, in which the 8. c. Hall, W. H. Lau, K. Giindadu, M. E. Flatté, and T. F. Boggess,
emitter, base, and collector magnetization are all paraIIeI.gAppl- Phys. Lett.83, 2937(2003.

Here the spatial variation of the energy of the minority spin M- E. Flatté and G. Vignale, Appl. Phys. Letf8, 1273(200).
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band is irrelevant, as the current will be carried entirely by ,I;/lh)ll_:s Tg::eézz ’ g;g?;a;omsmn Halperin, and D. D. Awschalom, Appl.

th? majority cqrriers. Real_ization of a grade_d spin splittingul Fabian, |. Zuti, and S. Das Sarma, Appl. Phys. Le84, 85 (2004).
might be possible by grading the concentration of magneti¢®. Fabian and I. Zuti Phys. Rev. B69, 115314(2004.
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GaMnAs; in this(and many othgrmaterials the Curie tem- 14$r(§4v;2u2rﬁc7>’tole3tsz(2(s)gihce291 8542001
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