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In this letter, we show efficient electrical spin injection into a SiGe based p-i-n light emitting diode
from the remanent state of a perpendicularly magnetized ferromagnetic contact. Electron spin
injection is carried out through an alumina tunnel barrier from a Co/Pt thin film exhibiting a strong
out-of-plane anisotropy. The electron spin polarization is then analyzed through the circular
polarization of emitted light. All the light polarization measurements are performed without an
external applied magnetic field, i.e., in remanent magnetic states. The light polarization as a function
of the magnetic field closely traces the out-of-plane magnetization of the Co/Pt injector. We could
achieve a circular polarization degree of the emitted light of 3% at 5 K. Moreover this light
polarization remains almost constant at least up to 200 K. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3064135]

Spintronics aims at manipulating both charge and spin of
carriers and has been growing tremendously fast for the past
10 years.1 Indeed it has been predicted as an alternative so-
lution to the conventional complementary metal oxide semi-
conductor technology that will reach physical limitations in
the near future.” This subject relies on efficient spin injection
into semiconductor heterostructures. Moreover for integra-
tion purposes, spin injection should be carried out electri-
cally. So far, electrical spin injection has been widely dem-
onstrated in III-V semiconductors using both ferromagnetic
metals and magnetic semiconductors. The spin polarization
of injected carriers is then given by the degree of circular
polarization of the light emitted by a GaAs based spin-light
emitting diode (LED) (Ref. 3) through dipolar selection
rules. The most spectacular spin injection and optical detec-
tion were performed from BeMnZnSe,* Fe,’ or CoFe (Ref. 6)
injectors. Only recently, spin injection in silicon has been
achieved using ferromagnetic metals. Spin polarized hot
electrons were injected in a silicon wafer, and spin detection
was achieved by electrical means using two ferromagnetic
electrodes in a giant magnetoresistancelike geornetry.7 In
parallel, Jonker et al.® demonstrated spin injection in the con-
duction band of silicon by measuring the circular polariza-
tion of a Si p-i-n LED. It should be stressed that silicon
appears as the most promising candidate for spintronic cir-
cuitry and quantum computing systems since very long dif-
fusion lengths and coherence times are predicted in this ma-
terial, owing to its low atomic mass (low spin-orbit coupling)
and inversion symmetry of the crystal itself. Moreover the
dominant naturally occurring isotope has no nuclear spin,
ruling out spin relaxation due to hyperfine interactions.”'*

In this letter, we demonstrate spin injection into silicon
using the remanent state of a perpendicularly magnetized fer-
romagnetic semitransparent contact. The electron spin polar-
ization is detected optically using a Si based spin-LED. The
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active region is a fully strained Siy,Ge;; quantum well
(QW). Compared to pure silicon spin-LEDs, the presence of
germanium enhances the spin-orbit coupling, which is re-
quired to observe circularly polarized light from the recom-
bination of spin polarized injected electrons with holes. Spin
injection from the Co/Pt ferromagnetic metal is carried out in
the tunneling regime through an alumina barrier to overcome
the conductivity mismatch obstacle."! Dipolar selection rules
in spin-LEDs require perpendicular magnetization. In most
experiments on spin injection, ferromagnetic films exhibit
in-plane magnetization due to shape anisotropy. Hence
strong external magnetic fields (2.2 T in the case of iron) are
applied to saturate the film magnetization perpendicular to
the QW plane. This may be the cause of many spurious ef-
fects such as magnetic circular dichroism (MCD) in the ex-
perimental setup itself or in the spin-LED heterostructure.
Moreover the Zeeman effect in the active region artificially
increases spin lifetimes. Very few experiments have been
carried out in remanent magnetic states (i.e., with no apglied
field) into GaAs based spin-LEDs. Adelmann er al.’? re-
ported a remanent spin injection of about 5% at 2 K using
the &-MnGa Schottky contact. Gerhardt et al. 13 demonstrated
remanent spin injection using Fe/Tb multilayers with a cir-
cular polarization of 0.75% at 90 K. Finally Sinsarp et al™
used a FePt/MgO spin injector and obtained a lower estimate
of spin injection of 1.5% at room temperature. In this work,
the Co/Pt ferromagnetic film exhibits strong perpendicular
magnetic anisotropy, allowing us to make spin injection in
different remanent states.

We used the reduced pressure chemical vapor deposition
in order to grow at 26.6 mbar the following stack on a
slightly p-type doped Si(001) substrate (resistivity in the
7-10 Q cm range): boron-doped Si (10" cm™) 500 nm/
intrinsic Si (50 nm)/SiGe 30% (10 nm)/intrinsic Si (50 nm)/
phosphorous-doped Si (10'® ¢m™) 50 nm. The growth
temperature was around 650 °C in order to avoid any sig-
nificant surface roughening of the Siy-Geg 5 layer during its
capping with Si. The gaseous precursors used were silane

® 2009 American Institute of Physics
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FIG. 1. (Color online) (a) Schematic device structure of the SiGe spin-LED
with the Co/Pt ferromagnetic top electrode and (b) associated simplified
band diagram under bias in the injection regime.

(for the Si layers) and dichlorosilane+diluted germane (for
the SiGe layer). For the boron (phosphorus) doping, we have
used diborane (phosphine). High purity hydrogen with a flow
of a few tens of SLM (SLM denotes standard liters per
minute) was used as the carrier gas. This SiGe based spin-
LED is subsequently protected with a 2 nm thick thermal
Si0, layer for air transfer. Prior to the deposition of the
tunnel barrier and ferromagnetic layer, this protective layer is
etched using hydrofluoric acid and rinsed in de-ionized wa-
ter. A 2 nm thick alumina tunnel barrier is then deposited at
room temperature using radio frequency magnetron sputter-
ing. The ferromagnetic layer is grown by direct current mag-
netron sputtering at room temperature through a mechanical
mask defining 900 um wide mesas. It consists of a 1.6 nm
of Co covered with 3 nm of Pt. The as-grown ferromagnetic
layer exhibits an in-plane magnetization. After annealing the
whole heterostructure at 420 °C for 1 h and 30 min the Co
layer magnetization points out of plane. The whole structure
as well as the band structure' is sketched in Fig. 1.
Superconducting quantum interference device (SQUID)
measurements with the applied field perpendicular to the film
plane are displayed in Fig. 2. In Fig. 2(a) are hysteresis loops
recorded at different temperatures. As shown in Fig. 2(b), the
coercive field strongly decreases with temperature by 88.3%.
However low coercive fields at room temperature are re-
quired to switch easily up and down the magnetization of the
spin injector in future spintronic applications. In the inset of
Fig. 2(b), we have plotted the temperature dependence of the
saturation magnetization. The saturation magnetization is the
one of bulk cobalt at low temperature. It however decreases
by 30.5% when temperature increases from 5 to 400 K. This
temperature dependence follows a Bloch law and we could

2000

& 55
1500 - 021 1 05T
& 2 &
1000 (a) [ N T
-~ F % g
E s0f o 0B R S
g 5 = . o
= IZ 01} L% 100 45506 74D 700 40 300 %0
S 500 f T = o
—40K e
<1000+ J —100K 005 (b) s
-1500 —200K SR
—300 K -
-2000 n L L 0 L L 1 L L L
04 02 0 02 04 0 50 100 150 200 250 300
pDH (M) Temperature (K)

FIG. 2. (Color online) (a) Hysteresis loops of the Co/Pt ferromagnetic con-
tact recorded at different temperatures. (b) Temperature dependence of the
coercive field. Inset: temperature dependence of the saturation magnetiza-
tion-under 0.5 T.

Appl. Phys. Lett. 94, 032502 (2009)

1.5

_ . . . g
3 [siGeawNP — — o+ - s_h,.e“..z.......‘,,..w,
z - °" £ F H ®
z 5 i
£ [siceawTo £ 05F H H
FE 4 ’ :
o I H H
£ & os5f é 1
E 2 é i (b) ]
£ S 1 || r— :
3 5K Lot S W
i i 15 e e BN
08 09 095 1 1.05 0.4-03-02-0.1 0 0.1 02 0.3 0.4
energy (eV) HH (T)

FIG. 3. (Color online) (a) EL spectra recorded at 5 and 77 K for a saturated
remanent state of the ferromagnetic Co/Pt contact. The applied voltage and
current are respectively around 10 V and 10 mA. The NP peak is clearly
circularly polarized, indicating an efficient spin injection into the silicon top
layer. The TO replica is also slightly circularly polarized. (b) EL circular
polarization recorded at the maximum of the NP line for different remanent
states of the Co/Pt layer (red dots). The black dotted line corresponds to the
SQUID measurement performed at the same temperature.

roughly estimate a Curie temperature of 900 K, which is
much lower than bulk cobalt (T-=1400 K). This may be due
to dimensionality effects or more probably to Co—Pt inter-
mixing during sample annealing. Since the coercive field is
correlated with the magnetization, its sharp decrease with
temperature can be explained by the magnetization tempera-
ture evolution. However, we could not find a simple power
law for H versus M.

We performed both photoluminescence (not shown) and
electroluminescence (EL) measurements on the SiGe spin-
LED at various temperatures using a cooled InGaAs photo-
multiplier tube. The EL was excited with square electrical
pulses at low frequency (63.7 Hz) with a 1:1 duty cycle, and
the signal was recorded using a lock-in technique. The cir-
cular polarization P=(I,,—1,.)/(I,.+1,_) is determined us-
ing a rotatable quarter waveplate and a fixed linear polarizer
placed in front of the detector. In Fig. 3(a) are reported EL
spectra recorded at 5 and 77 K for a saturated remanent state
of the ferromagnetic contact. In addition to the silicon EL
(not shown), the spectra are dominated by two main features
at ~950 meV corresponding to the no phonon (NP) recom-
bination line and ~900 meV corresponding to its TO phonon
replica.'5 Both lines are clearly circularly polarized as a con-
sequence of momentum transfer between the spin polarized
injected electrons and the emitted photons. In the following,
we only consider the highest circular polarization of the NP
line. We could reach a maximum of P=3% at 5 K. Moreover
this circular polarization remains almost constant up to 200
K. Above this temperature, the EL signal from the SiGe QW
becomes too weak to measure the circular polarization. In
order to rule out any extrinsic effects, we performed EL mea-
surements using a gold semitransparent contact and inserting
in the optical path a thin Si plate on which we deposited the
Co/Pt ferromagnetic layer. Hence we could confirm that
MCD in the Co/Pt layer in a saturated remanent state is neg-
ligible. Moreover, Zeeman effect in the Sijy,Gey; QW could
be ruled out since the stray field from the saturated Co/Pt
contact is negligible as pointed out by Gerhardt et al.”

In Fig. 3(b), we have plotted the EL circular polarization
for different magnetic remanent states of the ferromagnetic
contact. In this experiment, EL measurements are performed
without applied magnetic field. The reported magnetic field
in the graph corresponds to the magnetic field required to
reach a given remanent state of the magnetization of the
Co/Pt layer. The circular polarization exactly. traces the
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SQUID measurements, indicating that the spin orientation of
the injected electrons that radiatively recombine in the SiGe
QW reflects that of the electron spin orientation in the Co/Pt
film. The measured circular polarization corresponds to a
lower bound of the actual spin injection in silicon. Indeed
spin relaxation (with a characteristic time 7,) may take place
during the transit time of electrons in the silicon top layer as
well as during the radiative lifetime (7,) in the SiGe QW.
Neglecting spin relaxation in the silicon top layer, the actual
electron spin polarization achieved in silicon is given by
P(1+7,/7y), where the ratio 7,/ 7, strongly depends on tem-
perature and the exact electronic structure of the QW. We
estimate the total lifetime in the QW; it is tens of nanosec-
onds, which is very short. However we have no clear esti-
mate of the spin relaxation time (7,/) in the SiGe QW. The
determination of 7, requires time-resolved spin dynamics
measurements. We can only mention electron spin resonance
measurements performed by Jantsch et al.'® on Si 1-xGe, (x
<0.1) QWs grown pseudomorphically between Si;_,Ge, (y
>0.2) barriers giving 7,,~1 us. In our case, with higher Ge
content and strain, we believe that spin relaxation time
should be shorter, although we cannot give a lower bound.
Further experiments are thus needed to estimate the actual
spin injection efficiency into silicon.

In summary, we have shown tunneling spin injection
into silicon from the remanent state of a ferromagnetic Co/Pt
contact. A maximum circular polarization of 3% could be
achieved at 5 K and remains almost constant up to 200 K.
Moreover spin injection was performed for different mag-
netic remanent states of the ferromagnetic layer, and the as-
sociated circular polarization exactly traces the SQUID mea-

Appl. Phys. Lett. 94, 032502 (2009)

surements as expected for spin polarized electrons injected
from the Co/Pt contact.

The authors would like to thank L. Notin, A. Brenac, and
D. Leroy for their technical assistance with the sample
growth.
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