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Electrical Spin Injection and Threshold Reduction in a Semiconductor Laser
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A spin-polarized vertical-cavity surface-emitting laser is demonstrated with electrical spin injection
from an Fe/Al,;Gay ¢As Schottky tunnel barrier. Laser operation with a spin-polarized current results in a
maximum threshold current reduction of 11% and degree of circular polarization of 23% at 50 K. A cavity
spin polarization of 16.8% is estimated from spin-dependent rate equation analysis of the observed

threshold reduction.
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Spin-polarized lasers are expected to outperform semi-
conductor lasers whose operation depends solely on elec-
tron charge. Spin-dependent effects such as ultrafast
optical switching [1], polarization control [2], and thresh-
old current reduction [3] have already been demonstrated
in vertical-cavity surface-emitting lasers (VCSELSs) using
circularly polarized photoexcitation to generate spin-
polarized carriers. The ability to independently modulate
the optical polarization and intensity in spin-polarized
VCSELSs (spin-VCSELs) make these lasers suitable for a
wide range of applications, including reconfigurable opti-
cal interconnects, ultrafast optical switches, chiroptical
spectroscopy, and telecommunications with enhanced
bandwidth.

Spin-VCSEL operation stems from optical selection
rules which govern the conversion between spin and pho-
ton angular momentum [4]. [Recombination of spin-up
(spin-down) electrons and heavy holes radiates left-hand
(right-hand) circularly polarized photons.] The fundamen-
tal mode of a VCSEL may be described by two, circularly
polarized lasing transitions in which intermixing occurs
through spin-flip processes [5], and spin-polarized carriers
will couple selectively to one circularly polarized mode to
satisfy angular momentum conservation. A randomly po-
larized current will feed both modes equally such that both
modes must reach threshold for lasing to occur. Conse-
quently, both modes radiate equal intensities which admix
above threshold to form linearly polarized emission. A
spin-polarized current, however, will feed one mode pref-
erentially such that the favored mode can reach threshold
with fewer total carriers. Lasing of the unfavored mode is
effectively suppressed until the injection current is in-
creased sufficiently to satisfy lasing requirements for
both circularly polarized modes. The onset of lasing occurs
with fewer total carriers as required for a randomly polar-
ized current, and the overall threshold current of the laser is
effectively reduced. Injection of a 100% spin-polarized
current is expected to result in a theoretically maximal
reduction of 50%.

Threshold current reductions have been demonstrated
experimentally in optically pumped spin-VCSELSs at both
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low and room temperature [3,6]. However, electrically
pumped spin lasers are essential for practical applications.
Confirmation of electrical spin injection in VCSELs is
nontrivial and complicated by a need to apply large mag-
netic fields to perpendicularly magnetize most thin-film
ferromagnets [7]. In this Letter, we report the first unam-
biguous demonstration of an electrically pumped spin-
VCSEL where an Fe Schottky tunnel contact is utilized
for electron spin injection into an InGaAs quantum well
(QW) VCSEL. A net degree of circular polarization of
23% along with a significant threshold current reduction
of 11% are observed. Rate equation analysis of the ob-
served reduction provides a reasonable estimate of the
cavity spin polarization.

The laser sample is grown by molecular-beam epitaxy
(MBE) and consists of a 29.5-pair AlygGag,As/GaAs
distributed Bragg reflector (DBR) stack for the bottom
mirror, a full-wave GaAs cavity with an Ing,GaggAs mul-
tiple QW (MQW) active region, and a hybrid top mirror
formed from one quarter-wave pair of p-doped (N4 = 5 X
10" cm™3) Aly3Gag,As/GaAs DBR and a 5-pair MgF,/
ZnSe dielectric DBR stack [7]. For the bottom DBR mirror,
only the three Aly,3Gaj,As/GaAs pairs nearest to the
cavity are n-doped (N, = 7 X 10'7 cm™3). Circular post
spin-VCSELSs are fabricated using standard microfabrica-
tion techniques. We elect annular intracavity contacts for
electrical device connection which are interconnected to
coplanar anode and cathode bond pads. Such a configura-
tion is commonly used in high-performance VCSELs. An
Fe/AlyGageAs Schottky barrier is deposited by MBE
regrowth around the laser mesas on the topmost n-GaAs
layer, which is needed to reduce the transport length from
the Fe contact to the active region. We adopt a recipe
reported by Hanbicki er al. [8], which results in spin-
injection efficiencies of ~30% over the temperature range
of 90-240 K. Control VCSELs where Fe is deposited atop
nonmagnetic n-Ohmic metallization and nonmagnetic
VCSELs containing no Fe are also fabricated to provide
evidence of electrical spin injection in our Fe spin-VCSEL.

The polarization of VCSEL emission is determined by
spin and cavity anisotropies, which can either compete or
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cooperate to determine the laser polarization state [9].
Though cylindrically-symmetric VCSELs ideally lack a
polarization anisotropy mechanism to select a preferred
polarization, linearly polarized emission aligned along a
(110) axis is generally observed and attributed to strain-
induced birefringence [10]. This polarization preference is
relatively weak, leading to polarization switching induced
by changes in temperature, injection current, or stress.
Measurements on our VCSELSs find a highly linearly po-
larized emission above threshold with the polarization axis
aligned along a (110) direction. In this experiment, we
confirm that the spin anisotropy induced from spin injec-
tion can overcome unintentional polarization preferences
present in our design.

The degree of circular polarization, II., of the Fe spin-
VCSEL is analyzed using a photoelastic modulator and
linear polarizer combined with lock-in detection. The laser
is biased near threshold [1.2 X Iy, where Iy, is the
threshold current at zero magnetic field (H = 0)] under
continuous-wave (cw) operation and characterized using
the Faraday geometry. As shown in Fig. 1(a), Il for a
15 pum diameter Fe spin-VCSEL is seen to very closely
track the out-of-plane magnetization of a 10 nm Fe layer,
which demonstrates that the electroluminescence polariza-
tion originates from the Fe contact. I saturates at nearly
23% for applied magnetic fields greater than the out-of-
plane saturation field for Fe (H, =~ 2.2 T), and the sign of
Il is indicative of majority spin injection. Since spin
injection results in a net circular polarization, we conclude
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FIG. 1 (color online). (a) Degree of circular polarization and
(b) threshold current reduction versus magnetic field for a
15 wm diameter spin-polarized VCSEL measured at 50 K.
The normalized out-of-plane magnetization curve for a 10 nm
Fe layer is shown for comparison. Top inset shows the electro-
luminescence spectrum, exhibiting a full-width at half maximum
of 0.36 nm at 50 K. Bottom inset depicts the Fe spin-polarized
VCSEL design.

that spin anisotropy is sufficient to overcome other anisot-
ropy mechanisms introduced from cavity anisotropy, ge-
ometry, or wave guiding effects that impart a preference for
linear polarization in the Fe spin-VCSEL.

Longitudinal and transverse optical confinement are
ensured by the DBR mirrors and post geometry, respec-
tively, such that the emission never passes through the
ferromagnetic Fe layer. Therefore, a parasitic polarization
arising from magnetic circular dichroism (MCD) is absent
in our laser since the Fe layer is incorporated outside of the
cylindrical resonator; this assumption is verified through
magneto-photoluminescence measurements [11]. More-
over, a II- < 1.5% is measured for magnetic fields up to
40 kOe in the control VCSEL, which is significantly less
than the saturation value of Il measured for the Fe spin-
VCSEL. Parasitic contributions from stray field or
magneto-optical effects cannot account for the observed
Il in the Fe spin-VCSEL, which provides convincing
evidence of spin injection, transport, and detection in our
Fe spin-VCSEL.

Semiconductor lasers are expected to exhibit a threshold
current reduction when pumped with a spin-polarized cur-
rent. Any change in threshold current (Aly) will be re-
flected by a change in total light intensity (AL) for a fixed
current bias, and the threshold current reduction may be
determined from Aly, = AL/np, where 7 is the differ-
ential slope efficiency. Magnetic field dependent optical
power measurements are performed in the Faraday geome-
try for cw-biased Fe spin-VCSELs. As H is increased from
0 to 40 kOe, an emission intensity enhancement and cor-
responding threshold current reduction are observed for a
15 um diameter spin-VCSEL biased at 1.2 X Iy
[Fig. 1(b)]. The threshold current reduction saturates for
H > H, at a value of 11%. The gradual decrease of
Al /I at high magnetic fields is attributed to the slight
decrease in total light intensity with increasing magnetic
field, which is observed for both spin-polarized and non-
magnetic VCSELs. The mechanism responsible for this
behavior is currently unknown. Negligible threshold cur-
rent reductions are observed for the control and nonmag-
netic VCSELs [11]. This finding proves that the threshold
current reduction results exclusively from electron spin
injection by the Fe/AlGaAs Schottky tunnel barrier.

As shown in the inset to Fig. 1(b), placement of the spin
injector around the laser mesa requires both transverse and
longitudinal spin transport for electron spins to reach the
laser active region. The separation between the Fe contact
and laser mesa is ~1 pum. This results in an average
electron spin transport length of ~4.5 um in a 15 um
spin-VCSEL. The observation of a sizable threshold re-
duction is in accord with spin transport lengths exceeding
30 wm observed by other groups [12,13].

To analyze the carrier-photon dynamics in our Fe spin-
VCSEL, we employ a rate equation model [3,6,14] which
accounts for the spin-up and spin-down carrier densities in
the barrier, n;, and MQW active region, n~, and the
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photon density for right- and left-circularly polarized light,
S*. The rate equations are as follows:
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where 7, is the carrier capture time, Py, is the degree of
spin polarization of the pump current (Ipyyp), 7 (7) is the
spin-flip time in the barrier (QW), V), (Vyqw) is the volume
of the barrier (active region), By, (C) is the bimolecular
radiative (Auger) recombination coefficient, v, is the
group velocity of light, I' is the optical confinement factor,
B is the spontaneous emission factor, and 7, is the photon
cavity lifetime. The gain in the laser cavity is modeled as
gn, S) = dg/dn(n — n,)/(1 + €S), where dg/dn is the
differential gain, n,, is the transparency carrier density, and
€ is the gain compression factor. The parameters used in
our analysis are estimated from reports on similar struc-
tures characterized at cryogenic temperatures and are as
follows [15-22]: 7., =45ps, 7., =500ps, 7,=
300 ps, dg/dn = 1.1 X 107'* cm/s, n, = (3.6 — 4.9) X
10777 cm—3, €e=45X%X10"17 cm3, By, = 9.4 X
107" ecm’/s, C=38X10"% cm®/s, v, =0.87X
10" cm/s, T' = 0.029, B = 6 X 1074, and 7, = 1.25 ps.

A Py, of £19.8% corresponds to a threshold current
reduction of 11% for the 15 pum diameter Fe spin-VCSEL
discussed above. Figures 2(a) and 2(b) show the light
versus current (L-I) characteristics for Pg,, = 0% and
—19.8%, respectively, where the total light intensity is
the sum of the right-hand and left-hand circularly polarized
lasing mode intensities. The threshold currents for the
circularly polarized modes (/) separate as Pgyiy increases,
and the overall laser threshold current is determined by the
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FIG. 2 (color online). Theoretical light versus current charac-
teristics for a 15 wm spin-polarized VCSEL driven with (a) 0%
and (b) —19.8% spin-polarized pump currents. The solid line
represents the total light intensity, S, which is the summation of
the right-hand (S*, dotted line) and left-hand circularly polar-
ized (S, dashed line) modes.

favored mode. It can be seen in Fig. 2(b) that a kink in the
L-1I characteristics is introduced at an injection current
value equal to the threshold current of the unfavored mode.

The electron spin polarization in the GaAs barrier (IIg ;)
and InGaAs MQW active region (IIg) corresponding to
Pgpin = —19.8% and evaluated at threshold are approxi-
mately —16.8% and —7%, respectively. The barrier spin
polarization is found to be essentially independent of bias,
determined primarily by Pgpn, 75, and 7. In stark con-
trast, the quantum well spin polarization is influenced by
the value of g(n™, S¥) and therefore depends strongly on
bias. As the pump current increases, Il is seen from the
rate equations to decrease rapidly from —7% at Iy, = I
to ~0% at I,ymp = Iy, This phenomenon occurs since the
carrier density for either mode above threshold is essen-
tially fixed at the threshold carrier density. Any additional
carriers recombine instantaneously — within the stimulated
recombination lifetime—producing stimulated photons.
For a pump current I, > Iy, > I, both circularly po-
larized modes are lasing and I is negligibly small. The Fe
spin-VCSEL circular polarization will instead be deter-
mined by Ilg, (~ 16.8% for H > H,).

According to optical selection rules, the degree of elec-
tron spin polarization in the active region corresponds to
half the degree of circular polarization in bulk material and
matches that in quantum wells. While these simple linear
relationships hold for spin-polarized light-emitting diodes
(spin-LEDs), they are invalid for spin VCSELs when
biased above threshold due to optical amplification. A
narrow injection current window exists in which the spin-
induced gain anisotropy results in large degrees of circular
polarization, even for small spin polarizations, through
stimulated emission amplification. This effect is demon-
strated in our Fe spin-VCSEL for which we measured a I1
(23%) larger than the cavity spin polarization estimated
from the observed threshold reduction (16.8%).

Because of the spin-induced gain anisotropy and result-
ing threshold reduction, a spin-VCSEL is expected to
exhibit an increase in optical power for a given bias current
under spin-polarized pumping. Here we define the emis-
sion intensity enhancement as S = (S + S;)/S,, where S,
is the total light intensity at H = 0. Figure 3 shows the bias
and temperature dependence of S for a separate 15 um
diameter Fe spin-VCSEL under 4.5 kOe. The transparency
carrier density is set to 4.9 X 10'7, 4.4 X 10'7, and 3.6 X
10" ¢cm™? in order to match the threshold current mea-
sured at 50, 75, and 100 K, respectively. We calculate S at
these temperatures where Py, is used as the only fitting
parameter. Excellent agreement between the experimental
and theoretical values of S is found at 50, 75, and 100 K for
pump current (cavity) spin polarizations of 5.3% (4.5%),
5.0% (4.2%), and 5.0% (4.2%), respectively. It is evident
that § peaks at Iy, o where switching from an unpolarized to
a spin-polarized current can effectively switch the laser
between stimulated and spontaneous emission regimes—a
form of spin-controlled laser modulation. A discrepancy
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FIG. 3 (color online). Emission intensity enhancement versus
normalized current (I/I;) measured at (a) 50, (b) 75, and
(c) 100 K for a 15 pm diameter Fe spin-polarized VCSEL under
4.5 kOe. The solid lines represent the emission intensity en-
hancement predicted from the rate equation analysis. (d) Light
intensity change versus magnetic field and (e) light intensity
versus current measured at O (dashed line) and 5 kOe (solid line).

between theory and experiment for § may be seen at high
bias in Figs. 3(a)—3(c). The rate equations predict that the
emission intensity for pump currents I, = max{/y, I;;}
is the same regardless of the exact value for Pg,. We
believe this to be a limitation of the model as higher
emission intensities are experimentally observed well-
above threshold under spin injection. Figures 3(d) and
3(e) show the change in total light intensity (AL) and the
L-I characteristics, respectively, as a function of magnetic
field. The large AL (tens of wW) resulting from the
increase in slope efficiency with decreasing temperature
enables measurement of small threshold current changes.
The threshold current reductions at 4.5 kOe as inferred
from Figs. 3(d) and 3(e) are 3.8%, 3.8%, and 3.6% at 50,
75, and 100 K, respectively. These values are in reasonable
agreement with the reductions suggested from the L-I
characteristics and from the rate equation model. The
theoretically predicted kink in the L-I characteristics is
observed experimentally [Fig. 3(e)] and is attributed to a
separation of the circularly polarized lasing modes induced
by electron spin injection.

We note that higher threshold current densities are mea-
sured for our 15 um VCSELs than for larger mesa diam-
eters, which is commonly observed in etched-posted
VCSELs. Scattering and diffractive losses as well as sur-
face recombination become dominant in small diameter
etched-post VCSELs, causing the threshold gain to in-

crease [23]. Threshold reductions reported here are mea-
sured for individual devices, so the precise value of the
threshold current density is unimportant.

In conclusion, we have demonstrated electron spin in-
jection from a Fe/AlGaAs Schottky tunnel barrier in an
electrically pumped spin-VCSEL. A maximum threshold
current reduction of 11% is observed in a 15 pum diameter
spin-VCSEL with an electroluminescence circular polar-
ization of 23%, from which a cavity spin polarization of
16.8% is estimated from a spin-dependent rate equation
analysis.
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