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Avalanche spin-valve transistor
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A spin-valve transistor with a GaAs/AlGaAs avalanche-multiplying collector is demonstrated with
>1000% magnetocurrent variation arB5x amplification of the collector current. The intrinsic
amplification of the magnetic-field sensitive collector current should allow fabrication of spin-valve
transistors with high gain in a variety of materials.2004 American Institute of Physics
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With the discovery of the giant magnetoresistancetechnology’>*?The avalanche-multiplying collector is based
effect™ in magnetic multilayer films, a new class of solid- on  staircase =~ GaAs/AlGaAs avalanche photodiode
state magnetic field sensors was developed based on spistructure®** that utilize conduction band offsets between
dependent scattering. Among these is the spin-valvé&aAs and AlGaAs to enhance the ionization coefficient of
transisto’~® which utilizes perpendicular ballistic transport €lectrons. In our structure, the undoped multiplication region
in a metal-base transistor configuration. consists of alternating spacer laygd) nm GaAg, where

In a spin-valve transistor, two magnetic films of different electron impact ionization preferentially takes place, and
coercivities are spaced by a nonmagnetic layer such that tHgompositionally graded stefg&aAs (top) to Alg 45Gay ssAS
magnetization of each film can be independently switched b@ver 67.5 nm in 1% Al increments with a 1.5 nm pefiiod
an external magnetic field. As the electrons traverse first on&he structure is grown via molecular beam epitaxy and com-
film and then another, spin-dependent inelastic scattering iR"ses(in order from the metal-semiconductor interface to
the magnetic layers selectively thermalizes carriers with spifubstratg 5 nm undoped GaAs/graded step/10'? cm?
antiparallel to the magnetization of the layer. Since this is £-tYP€ (Be) 5-doping/10 nm A} 4558 s5As/ 20 periods alter-
hot-electron device, carriers that scatter into states with er?@ling spacer and gradedgsteps{So nm undoped GaAs/200 nm
ergy below the collector barrier cannot contribute to the col-GaAs doped to X 10 cm®/n+ GaAs substrate. The
lector current. Therefore, if the magnetizations of the films®-doped Be layer and graded step near the metal base are

are antiparallel, then the spin species transmitted by the firdfCluded to reduce leakage due to Fowler—Nordheim tunnel-
layer will be selectively scattered by the second, and thd"d of electrons from the base metal into the conduction band

collector current will be much lower than the case when theOf the semiconductor collector at high bias. On top of the

magnetizations are parallel. The percent change in coIIecto(}OIleCtor’ the base multilayer is deposited by electron beam
current from antiparallel magnetizations to parallel is known

as the magnetocurr_ent variation._ N - 100nm Al

Although the spm-valve_trgngstor can exhibit more t_han 8 Oxide Barrier
3000% magnetocurrent variatidrits usefulness as a device @ 12nm Al
has been limited by its small collector currgypically | o 8 .

) . _ A <9 nm NiFe
~10-100 nA and low gain (typically g=I./1,<107% © 8nm Cu
wherel, is the emitter curreljlf3 (In nonavalanching transis- q>) 8nm CoFe
tors in common-base configuration, this definition of gain is 5 Gal
also known as the transfer ratio, which is maximally 1 in t = L dad
metal-base transisto?};.Thus far, the main approach to in- ] ¥ 67.5nm graded y
creasing the collector current has been to decrease inelastic g 10nm AlGaAs
scattering in the base layer by decreasing the thickness of the (o)
9 10 rayer by 9 ! o O Repeat 19x

base layers or by having one of the ferromagnetic metals as 5
the emitter'® or simply by increasing the emitter voltaée. o
This letter presents a complementary method of increasing § 40nm GaAs
the gain of a spin-valve transistor that utilizes an avalanche- e ‘ 67.5nm graded ‘
multiplying collector, without significant decrease in the &) 50nm GaAs
magnetocurrent variation. 1 _

The device presented he¢Eigs. 1 and 2is fabricated 200nm n-GaAs
using shadow mask lithography with previously reported n-GaAs Substrate
3Electronic mail: krussell@deas.harvard.edu FIG. 1. Schematic diagram of sample structure. See the text for doping
Ppresent address: Electrical and Computer Engineering Department, Uninformation and composition fractions. The arrows in the “graded” regions
versity of Delaware, Newark, DE 19716. denote the direction of increasing Al concentration.
0003-6951/2004/85(19)/4502/3/$22.00 4502 © 2004 American Institute of Physics

Downloaded 19 Dec 2004 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 85, No. 19, 8 November 2004 Russell et al. 4503

62,22V collector
-1.5V emitter

< >1000% MR

§ >35x Multiplication
Multiplication £ 107
Region 2
All Cu £ Y
NiFe CoFe % -S:ZV emitter
8] 10‘8 >1000% MR
Energy No Multiplication
Position 0; 100 0 0 50 100
GS%;II\,S Magnetic Field [gauss]

FIG. 4. Magnetoresistance traces at 77 K for collector voltages below

FIG. 2. Schematic band diagram of the device in operation. ¥eped (56 \/) and above(62.22 \) the avalanche muliplication threshold. Closed
p-type layer in the collector increases the base-collector barrier, thus redugscles correspond to a magnetic field sweep from -200 to 200 G; open

ing the leakage current. circles correspond to a sweep in the opposite direction. Avalanche multipli-
cation increases the magnitude of the signal by a factes 86, without a

. . . ignificant d in th t t
evaporation of the following sequence of metals in a 500™9""¢ant decrease in the magnetocurren

X500 um? area: 80A CggFe080A Cu\80A
Nig s & 161120 A Al Next, a thick AkOs layer (1000 A) is multipligation, anq further increases in collector voltage give
electron beam evaporated to form an insulating bonding padt rapid increase idl.. .
Finally, the exposed Al layer of the base is partially oxidized ~ TWO representative magnetocurrent traces are shown in
with an UV-O; treatment to form the tunnel barrier and two Fig- 4, one below avalanche thresh¢f V) and one above
~200X 100 um? emitters of 400 A Al are thermally evapo- (62.22 V). Before each trace, the magnetic field was first
rated to form two side-by-side tunnel junctions. Electricalswept to =200 G to align the magnetizations of the films, so
contact to the base is then achieved by shorting one of thihat each trace entailed a field sweep from —200 to 200 G
tunnel junctions, leaving the other junction as the emitter. All(closed circles in Fig. land back to —200 Gopen circles in
measurements were performed at 80 K with an emitter-baskig. 4 while measuring the collector current. Below ava-
voltage of -1.5V, yielding an emitter current of lanche threshold the device exhibits1000% magnetocur-
~-4.6 MA. rent variation andAl.~43 nA. At a collector bias of
To probe the avalanche mu|’[ip|icati0n properties of the62.22 V, the device is in the avalanche multiplication re-
device, we measured the collector current switchidg.  9ime, as evidenced byl ~1.4 uA. In addition, the magne-
=1,~1, wherel, is the collector current with magnetic film tocurrent variation at 62.22 V collector bias is st{lL000%,
magnetizations parallel, ang is with magnetizations anti- indicating that the signal is amplified without a significant
paralle) under various collector biases. The multiplication contribution from leakage. The gain of the transistor in the
factor was computed by dividing the value &f, at each two cases igg=~10" and g=3.3X 10", respectively, con-
voltage by its value at 55 Va bias below avalanche thresh- firming that the increase in gain is approximately equal to the
old). This reference voltage is only an estimate due to uncercollector amplification. The slight asymmetry observed at
tainty in location of the avalanche multiplication threshold. both collector biases is attributed to magnetic film aniso-
Since Al is entirely due to ballistically injected electrons, tropy.
the change i\l with collector bias gives a good measure of ~ In an analysis of the signal-to-noise ratio of a device, the
the signal amplification. The results, plotted in Fig. 3, show autility of avalanche multiplication depends critically on the
slow increase i, as the bias is increased from 55 to 60 V. noise of the amplifier/receiver monitoring the collector
This slow increase is unrelated to avalanche multiplicationcurrent.” Avalanche multiplication enhances the total signal-
and is primarily associated with the bias dependence of thto-noise ratio of the system only in the regime of receiver-
reflection coefficient of ballistic electrons at the base-dominated noise. Two factors determine the multiplication
collector interfacé.At ~60 V, we see the onset of avalanche value that maximizes the signal-to-noise ratio: shot noise of
the receiver, and the excess noise fadtoassociated with
avalanche multiplication. For electron-initiated multiplica-
tion into an avalanche region with uniform probability of
ionization (not a staircase or superlattice strucjurg is
given by'®

1
F:kM+<2_M>(1_k)’ 1)

whereM is the multiplication factor anl=a,/ a, is the ratio
of ionization coefficients for holes and electrons. Most I11I-V
materials havé~ 1 (e.g., bulk GaAs hak~ 1/2),*"*®which
results in a large excess noise factor for any appreciable mul-
55 56 57 58 39 60 61 62 tiplication. Silicon hask~1/30%° greatly reducingr, and
Collector Bias [V] . . . NN
making it a popular material for avalanche multiplication. In
FIG. 3. Multiplication vs voltage of the device at 77 K. Avalanche multi- the case of GaAs/AlGaAs, superlattice or staircase structures

plication can be observed for collector voltages greater théf V. can be used to achieve an effective ratis 1/10° and it
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