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Hot-electron three-terminal devices based on magnetic tunnel junction stacks

M. Hehn, F. Montaigne, and A. Schuhl
Laboratoire de Physique des Maigux, UMR CNRS 7556, BP 239, 54506 VandoeuvseNancy Cedex, France
(Received 22 October 2001; revised manuscript received 14 January 2002; published 21 October 2002

Magnetic-configuration-dependent electrical characteristics of magnetic-tunnel-junction-based three-
terminal devices have been computed in the framework of the parabolic band model. Besides their fundamental
interest in measuring the properties of nonequilibrium spin-dependent hot-electron transport, three-terminal
devices appear to be good candidates for a new generation of magnetic-field-dependent devices. The control of
the hot-electron transmission in a double-tunnel junction is a keystone to ensure asymmetric diodes or hot-
electron magnetic-field-dependent transistors. Based on a basic description of electron scattering and nonco-
herent transport in the structure but using electronic parameters extracted from experiments, we assess the
functionalities of those devices.

DOI: 10.1103/PhysRevB.66.144411 PACS nuntder73.40.Gk, 73.40.Rw, 72.25.Mk

[. INTRODUCTION electron transport with a magnetic-tunnel-junction-based
three-terminal device. This way, we fully relax the constrains
The discovery of a tunnel magnetoresistafE®R) ef-  related to the epitaxy ¥/l or Si layers and so enlarge the
fect at room temperature in oxide-barrier-based magnetisumber of material combinations to make the desired
tunnel junction$ (MTJ’s) paved the way to intense develop- M1/11/M,/1,/M3 structure. The complete stack can then be
ments of this field area with many possible applicationmade with a sputtering machine; the layers can be amor-
prospect$. Those numerous studies devoted to different asphous, but we show from a theoretical basis that a hot-
pects of this topic permit getting a better understanding oflectron transfer can be obtained fravh, to M5 as was
the fundamentals of spin-polarized tunneling transport. Fronshown in Ref. 13. Based on experimental tunnel barrier pa-
the experimental point of view, a large effort was paid torameters, magnetic-field-dependent electrical characteristics
optimize the growth of thin insulating materi&ksnd to study ~ of magnetic-tunnel-junction-based three-terminal devices
magnetization reversal processes, domain formation, andave been computed in the framework of the parabolic band
their implications to the TMR signél® From the theoretical model. They assess the functionalities of a new generation of
point of view, the magnetotransport properties were modeleéhagnetic-field-dependent devices like asymmetric diodes or
using a transfer Hamiltonighfree-electron-like modelsor ~ hot-electron magnetic-field-dependent transistors based on
more sophisticated band structure calculatfoivuch of the  the control of the hot-electron transmission. Furthermore, be-
attention was then paid to the study of single-tunnel-barriegides their applied interes¥}, /1/M,/1/Mj structure can be
structures and the quality of the grown materials allows ugised to measure the properties of nonequilibrium spin-
now to pass a further step. dependent hot-electron transport. Indeed, thanks to an energy
Indeed, as was previously remarked by Meiadthe early  injection in the range of 0.5-4 eldepending on the voltage
1960s,a new class of devices employing the principle ofbreakdown ofl,), these studies will complete those dedi-
electron tunnel emission from a metal-insulator-metal diodecated to hot electrons injected from vacudr? with ener-
where the second metal layer is thian be built.A triode  gies above 3 eV.
geometry can then be secured by the addition of a second After a description of the theoretical model developed to
insulator and a metal collector layeThe proposed structure calculate the spin-dependent transportNh /1/M,/1/Mg
is not less than a double-tunnel-barrier junction. Up to nowstructures with an electrical contact on eddh layer, we
few studies have been devoted to the development of sugjive some examples of its use for magnetically program-
structures?® A transistor effect has been shown in the par-mable devices.
ticular case of an epitaxiall/I/M/I/M structure wheré is
CaF, andM is CoSj (Ref. 11 (analog effects are observed
in similar semiconductor structurés However, the need of
epitaxy and the lack of magnetism limit the coupleNdf| In this section, we give the main aspects of the theoretical
which can be used and no spin-dependent transport can oniodel which has been used to calculate the field-dependent
cur. Recently, new experimental achievements have emergdtansport characteristics of hot-electron three-terminal de-
with the development of the hot-electron spin-valvevices based on magnetic tunnel junction sta(kED-MTJ).
transistot® or the magnetotunneling injection deviteln  The potential profile of the 3TD-MTJ system under consid-
both systems, spin-dependent tunneling governs the electr@ration is shown in Fig. 1, wheré; andd; are, respectively,
transport in the structure. Nevertheless, in the former, hothe barrier height and thickness of the barrier numbér (
electrons are concerned but there is a need for a crystalline $he barriers are considered as rectangular in the absence of
emitter and collector and, in the latter, spin accumulatiorany applied voltage. Due to the high conductivity of the me-
seems to be at the origin of the magnetoresistance. tallic electrodes, the voltage drop is distributed homoge-
In this paper, we propose to combine spin-polarized hotneously only in the barriers leading to the barriers skewing

Il. THEORETICAL DETAILS
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dj i ) (BEEM) or thanks to the spin-valve transistdiErom these
== experiments, an attenuation factor is measured and its expo-
0 nential thickness dependence allows us to define an attenua-
1 tion length\. This length is an effective value including all
the processes decreasing the transmission. Inelastic scatter-
ing is obviously a major contribution th since any loss of
energy for an electron will decrease exponentially its prob-
ability of being transmitted through the BC barrier. But elas-
Voe @ a tic scattering also contributes to the attenuation. As a matter
of fact, the conduction through tunnel barriers being expo-
FIG. 1. () Potential profile of the hot-electron three-terminal nentially dependent on the perpendicular to multilayer planes
device based on magnetic tunnel junction stacks under applied volwave vectork,, the electrons injected in the base move es-
age. (b) Definition of the current densities flowing through the sentially perpendicularly to the plane of the layétss effect
three-terminal device. is increased by the electric field present in the emitter-base
barrier which accelerates the electrons in the perpendicular
under given bias voltage. The voltage applied to those tunndlirection. The probability for an electron in the base to be
barriers is referenced agsz and Vcg. The spin-polarized transmitted through the base-collector barrier is also expo-
current pumped from the emitter-badeB) junction biased nentially dependent ok, . Any elastic scattering in the base
with voltage Vg is injected in the base magnetic electrodeWill statistically deviate the electron from its direction per-
with an energyex Vg above the Fermi level of the base pendicular to the film plane and thus decrease its probability
electrode. If the thickness of the base is large compared tgf being transmitted in the collector. Inelastic and elastic
the mean free path of the e|ectron6" each electron ex- scatterings have thus the same effect, i.e., a reduction of the
tracted from the emitter electrode would be thermalized in‘direct” emitter to collector current® Any scattered electron
the base and each junction would behave independently jusfius decreases exponentially its probability of transmission
like two resistors in series. If the thickness of the base i¢nd will increase its path in the base by reflection on the
comparable to., some electrons injected from the emitter to barriers. In turn, its probability of being further scattered
the base can travel through the base without being scatterddcreases and this until complete thermalization occurs. We
(ballistic transpoit and eventually pass the base-collectorWill thus consider in our model that any scattering event,
(BC) barrier. As the tunneling probability increases exponenelastic or inelastic, decreases the transmission probability to
tially with the energy, the transmission of the hot electrons ig1egligible values and leads to the thermalization of the elec-
much higher than the one coming from the base Fermi levelfon. This approach is different from the one adopted by
and can be controlled with théc voltage, leading to the Zhandg® who has considered in a similar structure, a progres-
appearance of an asymmetric current-voltage characteristicSive relaxation of the electron energy. In this vision, every
Modeling of this device requires calculation of several€lectron impinges on the BC barrier with the same energy
tunnel currents: the total injected curreht going through ~ Which is its initial energy multiplied by a constant term, ex-
the EB barrier depends only on the parameters of this barrigtonentially decreasing with the thickness of the base. Thus,
(and particularly the applied voltagésg) independently of there is no electron conserving its initial energy and there is
the processes of energy relaxation in the base or if the eled0 Momentum conservation. However, our approach is sup-
trons will pass or not the BC barrier. Similarly the current of Ported by earlier calculations from Ref. 21 considering in-
thermal electrons from the base to the colledigg (or from elastic scattering _Whlch _sho_v\_/ that the number of ballistic
the collector to the base Y is negativé only depends on e_lectrons conserving their initial energy decreases exponen-
the BC barrier. We consider here that the electrons thermafially whereas a tail of low energy above the base Fermi level
ized in the base have relaxed both their energy and their spiPPears.
The ballistic currenfi¢ is more complex. It depends on the ~ Furthermore, coherent transport through the base has not
electron probability to pass the EB barrier, the energy relaxPeen considered for simplicity and also to show that even
ation processes in the base and the probability to pass the Béithout coherence, highly probable in our 3TD-MTJ, hot-
barrier. Multiple reflections in the base must also be considélectron-related phenomena can be expected.
ered since an electron can be reflected by the BC and then With this approximation, the probability for a hot electron
the EB barrier. Other currents are simply deduced from nod&0m the emitter to be injected in the base, and pass the base

Emitter
N
7

(I) Collector
2

<€— Base

laws. and BC barrier is
The transport of hot electrons injected in the base results
from several complex phenomena and the situation is even Dep(Vee)exp(—d/N)Dgc(Vep), (1)

more complex in a ferromagnetic metal in which this trans-

port is spin dependent. Different scattering events, elastic owhered is the effective thickness of the badgzg andDg¢
inelastic, are possible including scattering by phonons, magare, respectively, the transmission probability through the EB
nons, Stoner excitation®&ef. 17 gives a theoretical study of and BC barriergthe prime indicates that the transmission
these two last phenomenprdefects, and interfaces. In the probability of hot electrons has to be considgréthey are
energy range of interest here, these transport phenomena cseparately deduced from the wave functions in barrier and
be studied by ballistic electron emission microsddpy the electrodes, solutions of the Sctlimger equation.
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Similarly, the probability for being reflected by the BC  To model those bands, we used the parameters proposed
barrier is by Davis and MacLaré for iron. For the spin-ug-down)
band, we have a Fermi level at 2.25 €V.5 eV) and an
Deg(Vee)exp(—d/N)[1—-Dg(Vep) ] (2)  effective mass equal to 1.27.36 times the free electron
mass. However, as was stressed in a previous paper,
The probablllty for being transmitted after '[hIS I‘ef|eCti0n Change of the band parameters does not Change drastica”y

on the BC and then the EC barrier is thus the results reported in this paper. The barrier parameters have
. been chosen to fit the current-voltage characteristics of real
Dep(Vee)exp(—d/M)[1-Dgc(Ves)] tunnel junctions. Therefore) values of 1.5 and 0.5 eV have
X exp( —2d/\)Dhe(Vep). 3) been used because they have been shown to be reached using

aluminum oxidé and tantalum oxid® tunnel barriers, re-
. . 14 - .
By extending this to an infinite number of reflections, oneSPectively. As was recently shown by Steinal,™ it is ex-

can obtain the “hot” transmission probability perimentally proved that an electric contact can be taken on
a 5-nm-thick base layer made with ferromagnetic materials.
Dec=Dgg(Vae)Dae(Vep) We have thus chosen this value for our computations. A
: FELTBEITBCLTCE mean free path of 5 nn@2.5 nm for the spin-up(-down)
exp(—d/N) electrons has been chosen in accordance with the recent mea-

(40 surements made by Vlutterst al?” Finally, the electron
mass in the barrier was taken equal ton.4, the estimated
value computed for crystalline alumina and in the range of

Finally following Tsu and Esakf and considering motion values measured for amorphous Si@his set of parameters
parallel and perpendicularly to the barrier, at low tempera; P P

. e . has been used to fit experimental conditions that can be
ture, the different transmission probabilities have simply toreached in the near future in order to bring SCON an experi-
be integrated over an adequate range of energy 9 P

mental verification of those calculations. The electrical char-
ore acteristics of the STD—MTJ have been qomputgd considering
JE:_m;f f Des(E,,E))dEE, (5)  two independent spin channels and colinear alignment of the
h3 electrode magnetizations with two magnetization configura-
tions: (i) the parallel magnetizations of the thrbg layers
2mre and(ii) the magnetization o, antiparallel to the magneti-
Jec=—75m; J f Dec(E,,E)dE,dE|, (6)  zations ofM; andM 3. The TMR of a given currerfemitter,
h base, or collector currents then calculated from the differ-
ence of the currents calculated in the parallel and antiparallel
2me magnetization states divided by the current calculated in the
JBCZ?me J Dgc(E; . E)dEdE, (7 antiparallel magnetization state. Those configurations are
readily obtained experimentally when parallel easy magnetic
whereE, (E)) is the electron energy perpendiculparalle)  axes are defined in eadd; layer and whenM, has the
to the tunnel barriers in the emitter electrode, anfl and lowest coercive field. The reversal d¥l, can then be
m; are the effective electron masses in the emitter and baskchieved for example with the field created by a current go-
electrode, respectively. ing through the connection lead bf; and/orM as is in the
A rigorous free electron model has been used in order t®€Ww generation of magnetic tunnel memor@Burthermore,
compute those currents and therefore we have taken into ag2ore complex magnetic configurations like an angle between
count the transversén-plan@ motion of the electrons. In- M; andM;,M3 can be accessed using an additional electric
deed, refraction of the electron at the barrier interface, due tine that can create a field perpendicular to kg easy axis
the difference of effective mass between the metal and insuput are not treated in those calculations.
lator, allows tunneling of additional electrons. Therefdbe, This rigorous free electron model and those parameters
cannot be simply integrated ovér, but a two-dimensional were applied to compute the magnetic-configuration-
integration ovelE| andE, has to be done. This double inte- d_ependent electrical characteristics of 3TD-MTJ-based de-
gration has been shown in a previous waidk be of primary ~ Vices.
importance. As we focus here on the transport of hot elec-
trons and in order to simplify the computations, the simplest
band structure for the different materials, i.e., parabolic
bands(free electroin has been used. This does not allow us
to address directly the effects of interface magnons or The use of magnetic tunnel junctions is predicted for the
phononé® or the effects of complex band structure on thenext generation of nonvolatile magnetic random access
TMR.?* Nevertheless, we have shown that this model catmemoriestMRAM). Indeed, they combine high-speed, low-
predict qualitatively the complex MR{) observed in com- power consumption and dissipation, nonvolatility, high pack-
posite barrierd. Therefore we are confident in the resultsing density, and low cost. However, a silicon diode or a
shown in this paper even if additional features can appedransistor is needed in series with each MTJ cell to avoid
with sophisticated materials. leakage current in the MRAM cell array during the reading

% 1—exp(—2d/\)[1-Dge(Vep) ]

Ill. THREE-TERMINAL CURRENT-VOLTAGE
ASYMMETRIC DEVICES
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operation. This diode limits the current state-of-the-art pack- 2x10° . .
ing density. Alternatives to the use of this diode are currently

under development and two of those are presented in the
following. It appears that the association of a silicon device

and a MTJ can be replaced by one 3TD-MTJ cell.

1x10° |

o
VA 000! e0®
0 VAW Y Lo lkaied

A. Use of all base-collector tunnel barriers to ensure current-
voltage asymmetry

Collector Current [A/m’]
Dl>
%
¥

In this first section, we focus on the current asymmetry .

which can be induced using the base-collector tunnel barrier. X107 05 0.0 05 1.0
In order to evaluate the device, we use the current asymme- v, [V
try defined as the ratidc(|Veg|)/Ic(—|Veg|), which varies
with Vcg. A constant bias voltage is applied to the emitter- 1x10* , ,
base junction which injects a current of hot electrons in the d \I L /
base. The current of hot electrons is allowed to be injected in b .‘X \ 1

/ [

the collector electrode depending on the bias voltage of the
base-collector junction as depicted in Figa)l The Vqg

voltage controls the asymmetry of the device and, when 1x10°
negatively biased, stops the current of hot electrons. The
computations have been done using parameter values close
to those evaluated experimentallg; and d, have been /
taken equal to 1 and 4 nm whil¢; and ¢, values are 1.5

and 0.5 eV, respectively. In the following, characterigtiol- 0.00 0.95 0.50 0.75
lector curreny/(base-collector voltage (collector current V.| [V]
asymmetrieg(base-collector voltageand (collector current

magneto resistangiébase-collector voltageare shown for 100
different emitter-base voltages.

It appears that the asymmetry in the collector current de- C
pends strongly on the emitter-base bias voltage and so on the
energy of the hot electrongrig. 2(@)]. As expected, the
higher asymmetries are observed when the emitter-base volt-
age is close and a hit higher than the barrier height of
the base-collector junctiong,. Then, asymmetries above
10000 in the forward and backward collector currents can be
observed Fig. 2(b)]. As a matter of fact, the base-collector
voltage range in which the current asymmetry is above a
given value depends on the emitter-base voltéble ).
Current asymmetries above 1000 are easily reached for a

large range of base-collector voltages. For specific applica- g\ 2. characteristics of the device as a function of the base-
tions, if lower asymmetries are needed, they can be obtainggjector voltagevg at various fixed emitter-base voltayg of

in a larger voltage range. For example, Witge=0.6 V, an .5 (disk), 0.55 V (open disk, 0.6 V (triangle, and 0.7 V(hollow
asymmetry above 25 is expected fokgg range of 0.44 V.  triangle. (a) Collector current(b) asymmetry of the collector cur-
This voltage range decreases to 0.11Tble ) when an  rent, and(c) magnetoresistance of the collector currerarmalized
asymmetry above 1000 is needed. Furthermore, the level @y the collector current in the antiparallel configuration which cor-
TMR in the collector current remains high and quite con-responds to the magnetization of the base antiparallel to those of the
stant, especially for the most interesting 0.6 V bias voltageemitter and the collectpr

as shown in Fig. @). One major advantage of this use is the . .
base-collector junction and use all the structure to ensure the

fact that applied voltages are far away from the known . . -
breakdown voltages of such tunnel barriers. In conclusionCUTeNt asymmetry. When the emitter-base junction is polar-

considering the transport of hot electrons without coherenc¥€d Positively at bias voltages abow, a current of hot
in a 3TD-MTJ in which only the base-collector junction en- electrons is allowed to t_)e |njected_ in the c.ollector.electrode.
sures the asymmetry, it is reasonable to observe large spifiVersely, when the emitter-base junction is polarized nega-
polarized collector current asymmetries. tively, no current is extracted from the collector eIec_trode.
Therefore, an infinite collector current asymmetry is ex-

pected from this way of the hot-electron three-terminal de-
vice use[Fig. 3(@)]. The computations have been done using

In this second section, we focus on the current asymmetrthe same parameter values as for the last paragraph. We have
which can be induced using all the structure. In this applicavaried the thickness of the base and also the thickness of the
tion, we consider a zero constant bias voltage applied to thbase-collector tunnel barrier.

T
T
P\’
9
.
o
.
.
¥
L
»
/l>/
Asymmetry

(6]
o

B B~
,A/A/A*Ajffﬁzﬁf%ﬁ:@fff/gzeﬂﬂﬂﬁs‘

A
.-, -0
~ o0

A _e®
la-a-A7C78-0. 83"y o 0"

Collector TMR [%]

0 1
0.25 0.50 0.75
Vcb V]

B. Use of all 3TD-MTJ’s to ensure current-voltage asymmetry
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TABLE I. Minimum and maximumVg¢ voltages for which an  understood considering that, first of all, the thickness of the
asymmetry in collector current above 1000 have been calculated asase, via the mean free path of the hot electrons, controls the
a function ofVeg voltage. The last column shows tgc voltage  collector current and so the resistance of the device. Further-
window. more, the mean free path is spin dependent and so increasing
the base thickness will increase the contrast between the
spin-up and spin-down hot-electron curreias in the hot

Ve [V] Vegmin [V] Vegmax([V] AVcg [V]

0.5 0.14 0.254 0.114 electron spin-valve transistdy. Therefore, a highly polar-
0.55 0.18 0.343 0.163 ized hot-electron current is injected into the’M 5 collector

0.6 0.243 0.414 0.171 and an increase of TMR is observed. This last result is at the
0.7 0.39 0.5 0.11 origin of the new concept of aartificial half metal com-

posed by theM , /1, /M, injection structure which is able to
provide a highly polarized hot-electron current.

First of all, no effect of the base-collector barrier thick- A similar concept of diodes has been propdSeahd re-
ness could be observed, except for the TMR signal. Indeeddlized experimentally recenﬁglwithout an electric contact
when the emitter-base junction is negatively polarized, thdaken at the base electrode. A current asymmetry of 25 was
collector current is zero independently of the barrier thick-observed, resulting from coherent hot-electron transport in
ness. When polarized positively, the electrons injected fron@n M1/11/M3/1,/M3 structure in which(i) ¢;~2¢,, and
the emitter-base junction seem not to be so sensitive to théi) di1~2d,,. In this case, the current asymmetry was en-
thickness of the second tunnel barrier. Then, we have fixegured by the main voltage drop on the fitgtbarrier. So,
the thickness of the insulating barrier layer of the base{ositively biased, the electrons injected fré to M, have
collector junction to 2 nm and we have changed the thickenough energy to overcomlg and reachMg;. Inversely,
ness of the base. Since the current asymmetry is infinite, th&hen negatively biased, the electrons have to overcome both
choice of the resistance of the 3TD-MTJ and the value of 1 andl,. A substantial improvement of the diode character-
TMR desired for the specific application of the asymmetricistics is achieved by control of the base voltage as shown in
diode is driven by the base thickness. As shown in Fi),3 this section. Indeed, this control ensures a larger current
the increase of the base thickness will increase the resistanesymmetry without the need for resonance to enhance the
of the 3TD-MTJ but also the value of TMR. This can be coherent-transport-induced asymmé?ry Furthermore, it
softens the window of barrier parametg(s) and (ii)] re-
quired to have the proper drop of emitter-base voltage and so
allows the use of mani; andl, couples.

6x10" r

a k

IV. TRANSISTOR APPLICATION

As depicted in Ref. 11, the 3TD-MTJ can be used as a
transistor and this in several voltage windows. But as will be
shown in the following, the use of magnetic electrodes adds
a new functionality since it allows control and a nonvolatile
programming of the current-voltage characteristics of the de-
vice.

First of all, as presented in the previous section, operating
the 3TD-MTJ withV g near the crossover voltage for which
Jc=0 leads to an appreciable transconductahc®/cg. In-
deed, due to the strong variation of tunneling with a small

IS
B3
4
(=)
E
T
°
°
°
I..

Current [A/m2]

200
variation of barrier height, the transmission of the hot elec-
150 trons is expected to vary significantly wicg. Further-
— more, this transconductance increases with injection energy
& Y
DE: 100 Nevertheless, we would like to concentrate this section on
= the operation window first exemplified in Ref. 11. A constant

50 bias voltage is applied to the emitter-base junction which

injects a current of hot electrons in the base. When the base-
collector junction is positively biased, much of those elec-
2 . . X
V_[V] trons are tra_nsm|tted to the colle_ctor while a small part is
* thermalized in the base. The ratio depends on the applied
FIG. 3. (Collector current(emitter-base voltage(a) and (col- ~ Voltages and the parameters of the basean free path,
lector TMR)/(emitter-base voltage(b) characteristics computed as thickness$. This transistor acts as a conventional bipolar tran-
a function of base thickness: 3 niisk), 5 nm(hollow disk, 7 nm  Sistor but the electrons in the base are not thermalized and
(squarg, and 10 nm(open square combining electron and holes in the base to make the base
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' ' ' ' of electron tunneling from “cold” electrons injected from the

1" Y = base into the collector. A larger plateau can then be reached
10T g N0R00 | by increasing the base-collector junction resistance and thus
the thicknessl,; here,¢, can also be increased but a higher
Vge is then needed to get a proper working of the device.
The voltage offset inVcg observed before thé: plateau is

11
2x10 controlled by ¢,. Indeed, calculations usingy;=1.5 eV
— have shown that the inflection of thé&-(Vcg) curve is
Ng shifted from 0.6 eFig. 4(a@)] to around 1.4 eV.
< 00 From our point of view, the main challenge is to increase

the current gain3. Calculations have been done with a re-
duced base thickness and/or a largerit follows that a
larger spin-dependent current gain can be reached. Indeed, in
. ' ' ' ' both cases, consideringzg and Vg fixed, a strong reduc-
6x10"' | A _-2v b 7 tion of the base current is expected in our model and this is
° mainly linked to the exponential dependence with base thick-

ness of the probability of an electron to be thermalized. Since
B is the ratio of the collector current and the base current, a
strong increase gB can be observed.

It has been shown that an electric contact can be taken on
a base layer as thin as 1.9 rifmbut this constitutes a real
technological bottleneck. Nevertheless, we can be optimistic
about this point* Work can also be done on the material
used to grow the base. Indeed, the important parameter is the
mean free path of the hot electrons, Only few data are
. actually available in the energy range of interest here. Nev-
FIG. 4. (Collector currenf(emitter-collector voltage (3 and ertheless at those energies, the main source of electron scat-

(base current/(emitter-collector voltage(b) characteristics com- tering is plasmon.and reducing or increasing their ener
puted as a function of emitter-base voltage and magnetic configu- gi1sp ' 9 9 9y

ration for a 3TD-MTJ structure with two 0.5-eV-height barriers and with respect to the hot-electron injection energy will increase-
barrier thicknessl, andd, equal to 2 and 5 nm. \. .For example, the plasmon energy can be red.uced by tai-
loring the band structure of the base to decrease its density of
current is replaced by elastic and inelastic scattering. Nevestates at the Fermi level. This has been done in Ref. 11 with
theless, common emitter characteristics look the same. Thehe use of a CoSibase, for which the experimental data
have been computed using a 3TD-MTJ structure with twocould be reproduced with our model by introducing
0.5-eV-height barriers with thicknessds andd, equal to 2 =100 nm. This value is in agreement with the one extracted
and 5 nm. From our experience and published restltsn- by the authorg A >50 nm(Ref. 32]. Then, even if the base
ventional ALO; barriers have breakdown voltages around 2is not magnetic, a spin-dependent transport could be ob-
V or less. But the operating voltage of the injection junctionserved if the base thickness is thinner than its spin diffusion
is around this value. Then, we have chosen the parameters lehgth. However, our model does not support the usa of
TaO for both barriers since the breakdown voltage of thosealues much larger than the thickness of the b@sam in
barriers appeared much higiféNevertheless, calculations Ref. 11). In this case, indeed, coherent transport through the
(not shown have also been done with the,&8l; barrier pa- base has to be considered while a complete phase relaxation
rameters and similar effects have been obtained. was used in our model. Nevertheless, this result shows that
In Fig. 4, magnetic-configuration-dependdgt{Vg) and  the computed currents are underestimated in comparison to
Jc(Vep) characteristics are shown as a functiorVg, the  those measured in real systems. Since our model underesti-
emitter-base voltage. The current gain is defined &y mates the current, it is not surprising that we have to enter a
=Jc(Ver)/JIe(Ver). Even if the current gaig is low for  larger mean free path in the calculations to reproduce the
the set of junction parameters usétound two for those experimental data.
calculations, a clear transistor effect is observed ghdar-

ies with the orien_tation pf the magnetization \df,. V. CONCLUSIONS
From the physical point of view, the appearance of a large
plateau in thelg(Vcg) andJc(Veg) characteristics foW g A large part of this paper has been devoted to possible

between 1 and 3 V is linked to the saturation of the hot-future applications of 3TD-MTJ structures. But besides for
electron current. Then, whevi-g is increased above 3 to 4 their applied interestvi,/1/M,/1/Mj structure can be used
eV (depending orVgg), the additional increase of collector to measure the properties of nonequilibrium spin-dependent
current originates from the tunneling of “cold” electrons in- hot-electron transport in the range of 0.5—4 eV. This energy
jected from the base into the collector and not more from theange is difficult to access with non-solid-integrated electron
emitter to the collectofthis current is saturatedSo we have injection sources. Some experimental results have been re-
the appearance of nonlinearity originating from the signaturgorted recently with integrated spin-valve transistdrs:
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The different contributions to the hot-electron mean free patftulations, the set of junction parameters was chosen to fit
can be discriminated and those results supply theoretical dexperimental conditions that can be reached in the near fu-
velopments with data. On the other hand, the properties ofure in order to bring soon an experimental verification of
insulating materials used for the base-collector junction carhose calculations. Work is under progress.

also be studied. Indeed, injecting hot electrons into a barrier

allows us to study its electric transport processes without
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