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A spin-valve transistor with a GaAs/AlGaAs avalanche-multiplying collector is demonstrated with
.1000% magnetocurrent variation and<353 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.
[DOI: 10.1063/1.1818339]

With the discovery of the giant magnetoresistance
effect1–3 in magnetic multilayer films, a new class of solid-
state magnetic field sensors was developed based on spin-
dependent scattering. Among these is the spin-valve
transistor,4–6 which utilizes perpendicular ballistic transport
in a metal-base transistor configuration.

In a spin-valve transistor, two magnetic films of different
coercivities are spaced by a nonmagnetic layer such that the
magnetization of each film can be independently switched by
an external magnetic field. As the electrons traverse first one
film and then another, spin-dependent inelastic scattering in
the magnetic layers selectively thermalizes carriers with spin
antiparallel to the magnetization of the layer. Since this is a
hot-electron device, carriers that scatter into states with en-
ergy below the collector barrier cannot contribute to the col-
lector current. Therefore, if the magnetizations of the films
are antiparallel, then the spin species transmitted by the first
layer will be selectively scattered by the second, and the
collector current will be much lower than the case when the
magnetizations are parallel. The percent change in collector
current from antiparallel magnetizations to parallel is known
as the magnetocurrent variation.

Although the spin-valve transistor can exhibit more than
3000% magnetocurrent variation,7 its usefulness as a device
has been limited by its small collector current(typically Ic

,10–100 nA) and low gain (typically g= Ic/ Ie,10−4,
whereIe is the emitter current).8 (In nonavalanching transis-
tors in common-base configuration, this definition of gain is
also known as the transfer ratio, which is maximally 1 in
metal-base transistors.9) Thus far, the main approach to in-
creasing the collector current has been to decrease inelastic
scattering in the base layer by decreasing the thickness of the
base layers10 or by having one of the ferromagnetic metals as
the emitter,10 or simply by increasing the emitter voltage.7

This letter presents a complementary method of increasing
the gain of a spin-valve transistor that utilizes an avalanche-
multiplying collector, without significant decrease in the
magnetocurrent variation.

The device presented here(Figs. 1 and 2) is fabricated
using shadow mask lithography with previously reported

technology.11,12The avalanche-multiplying collector is based
on staircase GaAs/AlGaAs avalanche photodiode
structures13,14 that utilize conduction band offsets between
GaAs and AlGaAs to enhance the ionization coefficient of
electrons. In our structure, the undoped multiplication region
consists of alternating spacer layers(40 nm GaAs), where
electron impact ionization preferentially takes place, and
compositionally graded steps[GaAs (top) to Al0.45Ga0.55As
over 67.5 nm in 1% Al increments with a 1.5 nm period].
The structure is grown via molecular beam epitaxy and com-
prises(in order from the metal–semiconductor interface to
substrate): 5 nm undoped GaAs/graded step/131012 cm−2

p-type sBed d-doping/10 nm Al0.45Ga0.55As/20 periods alter-
nating spacer and graded step/50 nm undoped GaAs/200 nm
n-GaAs doped to 131018 cm−3/n+ GaAs substrate. The
d-doped Be layer and graded step near the metal base are
included to reduce leakage due to Fowler–Nordheim tunnel-
ing of electrons from the base metal into the conduction band
of the semiconductor collector at high bias. On top of the
collector, the base multilayer is deposited by electron beam
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FIG. 1. Schematic diagram of sample structure. See the text for doping
information and composition fractions. The arrows in the “graded” regions
denote the direction of increasing Al concentration.
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evaporation of the following sequence of metals in a 500
3500 mm2 area: 80 Å Co0.80Fe0.20\80 Å Cu\80 Å
Ni0.84Fe0.16\120 Å Al. Next, a thick Al2O3 layer s1000 Åd is
electron beam evaporated to form an insulating bonding pad.
Finally, the exposed Al layer of the base is partially oxidized
with an UV-O3 treatment to form the tunnel barrier and two
<2003100 mm2 emitters of 400 Å Al are thermally evapo-
rated to form two side-by-side tunnel junctions. Electrical
contact to the base is then achieved by shorting one of the
tunnel junctions, leaving the other junction as the emitter. All
measurements were performed at 80 K with an emitter-base
voltage of −1.5 V, yielding an emitter current of
<−4.6 mA.

To probe the avalanche multiplication properties of the
device, we measured the collector current switching(DIc
= Ip− Ia, whereIp is the collector current with magnetic film
magnetizations parallel, andIa is with magnetizations anti-
parallel) under various collector biases. The multiplication
factor was computed by dividing the value ofDIc at each
voltage by its value at 55 V(a bias below avalanche thresh-
old). This reference voltage is only an estimate due to uncer-
tainty in location of the avalanche multiplication threshold.
Since DIc is entirely due to ballistically injected electrons,
the change inDIc with collector bias gives a good measure of
the signal amplification. The results, plotted in Fig. 3, show a
slow increase inDIc as the bias is increased from 55 to 60 V.
This slow increase is unrelated to avalanche multiplication,
and is primarily associated with the bias dependence of the
reflection coefficient of ballistic electrons at the base–
collector interface.9 At <60 V, we see the onset of avalanche

multiplication, and further increases in collector voltage give
a rapid increase inDIc.

Two representative magnetocurrent traces are shown in
Fig. 4, one below avalanche thresholds56 Vd and one above
s62.22 Vd. Before each trace, the magnetic field was first
swept to −200 G to align the magnetizations of the films, so
that each trace entailed a field sweep from −200 to 200 G
(closed circles in Fig. 4) and back to −200 G(open circles in
Fig. 4) while measuring the collector current. Below ava-
lanche threshold the device exhibits.1000% magnetocur-
rent variation andDIc<43 nA. At a collector bias of
62.22 V, the device is in the avalanche multiplication re-
gime, as evidenced byDIc<1.4 mA. In addition, the magne-
tocurrent variation at 62.22 V collector bias is still.1000%,
indicating that the signal is amplified without a significant
contribution from leakage. The gain of the transistor in the
two cases isg<10−5 and g<3.3310−4, respectively, con-
firming that the increase in gain is approximately equal to the
collector amplification. The slight asymmetry observed at
both collector biases is attributed to magnetic film aniso-
tropy.

In an analysis of the signal-to-noise ratio of a device, the
utility of avalanche multiplication depends critically on the
noise of the amplifier/receiver monitoring the collector
current.15 Avalanche multiplication enhances the total signal-
to-noise ratio of the system only in the regime of receiver-
dominated noise. Two factors determine the multiplication
value that maximizes the signal-to-noise ratio: shot noise of
the receiver, and the excess noise factorF associated with
avalanche multiplication. For electron-initiated multiplica-
tion into an avalanche region with uniform probability of
ionization (not a staircase or superlattice structure), F is
given by16

F = kM + S2 −
1

M
Ds1 − kd, s1d

whereM is the multiplication factor andk=ap/an is the ratio
of ionization coefficients for holes and electrons. Most III–V
materials havek,1 (e.g., bulk GaAs hask<1/2),17,18which
results in a large excess noise factor for any appreciable mul-
tiplication. Silicon hask<1/30,16 greatly reducingF, and
making it a popular material for avalanche multiplication. In
the case of GaAs/AlGaAs, superlattice or staircase structures
can be used to achieve an effective ratiok<1/10,13 and it

FIG. 2. Schematic band diagram of the device in operation. Thed-doped
p-type layer in the collector increases the base-collector barrier, thus reduc-
ing the leakage current.

FIG. 3. Multiplication vs voltage of the device at 77 K. Avalanche multi-
plication can be observed for collector voltages greater than<60 V.

FIG. 4. Magnetoresistance traces at 77 K for collector voltages below
s56 Vd and aboves62.22 Vd the avalanche muliplication threshold. Closed
circles correspond to a magnetic field sweep from −200 to 200 G; open
circles correspond to a sweep in the opposite direction. Avalanche multipli-
cation increases the magnitude of the signal by a factor of<35, without a
significant decrease in the magnetocurrent.
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has been shown that these structures can exhibit lower excess
noise factors than that given by Eq.(1) because the ioniza-
tion events are localized to the regions of low-band-gap
semiconductor adjacent to a potential step.13,19Thus, depend-
ing on the noise of the receiver, proper device design can
result in an avalanche-multiplying collector that enhances the
signal-to-noise ratio of the total system.

Other materials such as Si with its smallk value, or other
designs in III–V materials, could possibly yield significant
improvements in amplification at lower collector voltages.
Ultimately, the choice of material and design for the collector
structure will depend on the constraints of the system in
which it will be implemented.

In conclusion, an avalanching spin-valve transistor based
on structures developed for III–V avalanche photodiodes has
been demonstrated. We observed,353 amplification with-
out significant decrease in magnetocurrent, and we expect
that our collector can be both improved and adapted to other
materials systems to realize a device structure practical for
magneto-electronic applications, as well as novel, optically-
read magnetic memory based on luminescent spin-valve
transistors.11
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