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Electrical injection and detection of spin
accumulation in silicon at 500 K with magnetic
metal/silicon dioxide contacts

C.H.Li", O.M.J.van 't Erve' & B.T. Jonker'

The International Technology Roadmap for Semiconductors has identified the electron’s spin
angular momentum as a new state variable that should be explored as an alternative to the
electron’s charge for use beyond the size scaling of Moore's Law. A major obstacle has been
achieving control of the spin variable at temperatures required for practical applications. Here
we demonstrate electrical injection, detection and precession of spin accumulation in silicon,
the cornerstone material of device technology, at temperatures that easily exceed these
requirements. We observe Hanle precession of electron spin accumulation in silicon for a wide
range of bias, show that the magnitude of the Hanle signal agrees well with theory, and that the
spin lifetime varies with silicon carrier density. These results confirm spin accumulation in the
silicon transport channel to 500 K rather than trapping in localized interface states, and enable
utilization of the spin variable in practical device applications.
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offers a new paradigm for information processing in semi-

conductors'~. Utilization of spin angular momentum as an
alternate state variable provides additional functionality and per-
formance for future electronic devices envisioned beyond the cur-
rent roadmap*®. Silicon (Si) is an ideal host for such a spin-based
technology, because its low atomic mass and crystal inversion sym-
metry result in very small spin-orbit interactions and long spin
lifetimes. Electrical generation, manipulation and detection of sig-
nificant spin polarization in the semiconductor host at temperatures
that meet commercial (85-100°C) and military (125°C) require-
ments are essential to this effort’.

Electrical generation and detection of pure spin currents in Si
using ferromagnetic (FM) metal/oxide tunnel barrier contacts have
been demonstrated in lateral transport geometries for moderately
doped Si (n~2x10" cm~?) up to 125K®’, and to similar temperatures
in metallic Si (n~5x10" cm*) doped well above the metal-insulator
transition (MIT)". Recent work utilizing similar AL,O, tunnel bar-
rier contacts on metallic Si (n~1x10"cm™?) reported spin-induced
voltages attributed to spin accumulation in the Si directly under the
injecting contact, which persisted up to 300K, and exceeded theo-
retically expected values by two orders of magnitude''. Such large
values of spin-induced voltages have been ascribed to spin trapping
in localized interface states rather than the desired accumulation
and transport in the semiconductor channel™.

Here, we demonstrate electrical injection and detection of spin
accumulation at temperatures up to 500K in FM metal/silicon
dioxide (SiO,)/n-Si tunnel barrier structures in which the Si is
both semiconducting and metallic in character, and present clear
evidence that this spin accumulation occurs in the Si transport
channel. SiO, has been a key element of the vast Si electronics indus-
try, because this natural oxide is easy to form, and it produces an
electrically stable self-interface with the low interface state density
necessary for device operation. We observe Hanle precession of the
electron spin accumulation in the Si channel under the FM metal/
tunnel barrier contact for biases corresponding to both spin injec-
tion and extraction, and find that the magnitude of the Hanle sig-
nal decreases approximately linearly with temperature. In contrast
with previous work, we provide clear evidence that the spin accu-
mulation occurs in the Si channel rather than in localized interface
states (a model suggested for Co/Al,O,/GaAs contacts'?) as follows:
the measured spin resistance-area product is in good agreement
with theory'>™"%; and the spin lifetime clearly depends upon the Si
carrier density, as expected from electron spin resonance work on
bulk Si. These results demonstrate that spin accumulation in Si is
viable as a basis for practical devices, which meet the operating
temperatures specified for commercial (85°C), industrial (100°C)
and military (125°C) applications.

The control of spin polarized carrier populations and currents

Results

Measuring spin accumulation. Spin accumulation and precession
directly under the magnetic tunnel barrier contact interface
can be observed using a single contact for both spin injection
and detection'"'*. This measurement configuration uses three
terminals—two reference and one FM injector/detector, as shown
in Figure 1. The injection of spin polarized carriers produces a net
spin accumulation described by the splitting of the spin-dependent
electrochemical potential, Au=u,, — U, which is detected
as a voltage AV, =7yAu/2e, where y~0.4 is the tunnelling spin
polarization of the FM tunnel contact (that is, the tunnel current
has a spin polarization of 40%). When a magnetic field B, is applied
perpendicular to the electron spin direction (sample surface), the
spins precess at the Larmor frequency @, =gl B./h, resulting in a
reduction of the net spin accumulation to zero due to precessional
dephasing (Hanle effect)'. Here, g is the Lande g-factor (g=2 for
Si), Uy the Bohr magneton and 7 is the reduced Planck’s constant.

Ti/Ay

Figure 1| Measurement geometry. In the three-terminal device
measurement geometry, a current is applied to contacts 1and 2, and

a voltage is measured across contacts 2 and 3. Electrical spin injection
produces spin accumulation in the transport channel under the magnetic
contact 2 and a corresponding output voltage AV;;. When a magnetic
field B, is applied, the injected spins precess and dephase, and AV,(B,)
decreases to zero. The width of the magnetic contact is W =150 um, and
the thickness of the transport channel is w as indicated.

The magnitude of the voltage AV,(B,) decreases with B, with an
approximately Lorentzian line shape given by AV,.(B,) =AV,(0)/
[1+(w,7,)%], and the spin lifetime 7, is obtained from fits to this line
shape. In contrast with four-terminal non-local measurements®'®!”,
three-terminal measurements enable one to focus on and probe
the characteristics of the spin system in the semiconductor directly
beneath the spin-injecting contact. As the magnetic contact interface
is likely to introduce additional scattering and spin relaxation
mechanisms not present in the bulk, the region of the semiconductor
directly beneath the contact is expected to be a critical factor in any
future spin technology.

Hanle spin precession data. The Si samples are n-doped just above
and below the MIT (~5x10"®cm~3%). Samples with four different
carrier densities were studied, and multiple devices were measured
on each sample. Data from two samples are typically presented
(sample A: 3x10"”cm~?* and sample B: 3x10"cm~?). Hanle curves
obtained at temperatures of 10-500 K are shown in Figure 2a,b for a
fixed bias current I= —500 and —7lLA for sample A and B, respec-
tively. For negative bias, spin-polarized electrons with net majority
spin are injected from the FM into the Si'®. A maximum bias voltage
of 1V was used for all devices, and a quadratic background has been
subtracted from the data. As B, increases, precessional dephasing
reduces the spin accumulation and AV,(B,) decreases to zero. Spin
precession as manifested by the Hanle signal is clearly observed to
500K, the maximum temperature accessible in our measurement
system.

Comparison of Hanle signal amplitude with theory. The ampli-
tude of the Hanle signal agrees well with that expected from the the-
ory of spin injection into a semiconductor channel in the diffusive
regime'>', indicating that spin accumulation occurs in the semicon-
ductor channel rather than in localized interface states. The ampli-
tude of the Hanle signal at 300 K for sample A, AV, (B,=0)~0.04 meV,
corresponds to a spin resistance R,= AV,(B,=0)/1~0.08 Q, or equiv-
alently a spin resistance-area product R:-A~1,200Qum? for the
150x100 wm? contact. The value at 10K is R-A~6,000 Q um? These
are in excellent agreement with the value predicted by theory'>'*!
as given by r, = (pLgp)(W/w)~3,000 Q2 um? using parameters meas-
ured for our sample. Here, p is the Si resistivity, Ly, is the spin diffu-
sion length obtained from the Hanle line shape as described below,
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Figure 2 | Hanle effect data. Three-terminal Hanle curves for temperatures
indicated for (a) sample A, I= =500 A, and (b) sample B, = —=7uA

(both spin injection). Spin precession is clearly visible to 500K for sample
A. The maximum bias voltage used was V= -1V. The higher resistance

of sample B prevented larger bias currents within the 1V bias limit.

Control devices with non-magnetic contacts show no Hanle effect.

Note the scale change on the x axis.

W is the contact width, w is the semiconductor channel thickness,
and we assume that the active channel thickness over which spin
accumulation occurs in very thick samples is limited by the spin
diffusion length. The corresponding values for sample B at 300K
are R-A~129kQum?* and r~15kQum?* The poorer agreement
with theory is attributed to the fact that sample B is non-metallic
in character, with a significant depletion width ~15-20 nm, and the
accompanying band bending in the Si is not included in the theory.

For comparison, Tran et al.'? found that their measured R-A
value for Co/Al,0,/GaAs three-terminal devices was over three
orders of magnitude larger than that predicted by theory, lead-
ing them to conclude that spin accumulation occurred in highly
localized interface states rather than in the semiconductor itself.
Dash et al.'' also found that their measured values for NiFe/Al,O,/Si
(n~2x10"cm~?) three-terminal devices were about two orders of
magnitude larger than that predicted by theory. Both of these stud-
ies used ALO, as the tunnel barrier, a material known to produce
relatively high densities of interface states on either GaAs or Si'.
The fact that our measured values are in good agreement with the
theory (which assumes zero interface spin accumulation) is consist-
ent with the lower interface state density of the SiO,/Si system, and
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Figure 3 | Dependence of spin lifetime on electron density. (a) Hanle
curves taken in the three-terminal geometry at 10K for sample A (open
symbols, n=3x10"cm™3, | = =500 uA) and sample B (closed symbols,
n=3x10%cm™3, /= =7 uA). The solid lines are Lorentizian fits to the Hanle
data and yield spin lifetimes 7,=100 and 320 ps for sample A and B,
respectively. (b) Spin lifetime as a function of the Si carrier concentration
at 10K. Each coloured data point represents a separate device on which
many Hanle measurements were made, and the error bar for each

is £10 ps. The symbols distinguish the FM metal used: solid symbols
correspond to devices with Nij ;Fe,, contacts, whereas open symbols
correspond to Co,sFe,, contacts. A bias voltage ~0.9V was used for all
data shown.

provides the first of two pieces of evidence that spin accumulation
occurs in the Si itself rather than in localized interface states.

Spin lifetimes. The line shape of the three-terminal Hanle data can
be fit to obtain a value for the spin lifetime 7, by using an expres-
sion analogous to the classic optical Hanle effect, that is, a simple
Lorentzian given by AV,(B,) =AV,:(0)/[1+ (w;7,)*]"®. This proce-
dure has been shown to give a lower bound for 7,'. Typical Lorentz-
ian fits are shown in Figure 3a for both samples, and yield spin
lifetimes of 100+10 and 320% 10 ps for sample A (3x10"cm~*) and
B (3x10"™cm?), respectively, at 10K. The dependence of 7, on the
Si electron density is shown in Figure 3b. Each data point plotted
represents a separate device on which many measurements were
made. The decrease in 7, with increasing carrier concentration
is consistent with the electron spin resonance (ESR) results for
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bulk Si, and attributed to impurity-dominated Elliot-Yafet spin
relaxation processes® . The fact that the spin lifetime exhibits a
clear dependence upon the Si carrier density consistent with the
trend observed in bulk Si****** provides further evidence that the
spin accumulation/precession indeed occurs in the Si channel rather
than in localized interface states.

These spin lifetime values are about an order of magnitude
smaller than those obtained by ESR for corresponding doping levels
in bulk Si****. This may be a consequence of the lower bound for 7,
produced by the Lorentzian fitting procedure'’, but is also a trend
that we have observed previously and attributed to the vicinity of the
contact interface'’, where both the reduced symmetry and surface/
impurity scattering are likely to produce more rapid spin relaxation
than in the bulk. The spin lifetime shows little variation with tem-
perature, and similar values are obtained at 300 K. Ochiai and Mat-
suura® also found 7, to exhibit a weak temperature dependence in
bulk Si (1 =3.4x10" cm* (As)), which they attributed to the metallic
character of the sample, where impurity-dominated spin-orbit inter-
action dominates spin relaxation for a wide temperature range. The
proximity of the tunnel barrier interface is also expected to contrib-
ute by introducing relaxation mechanisms not present in the bulk.
First, the reduced symmetry and increased scattering noted above
may obscure other temperature-dependent effects. Second, spins can
readily diffuse between the Si and FM metal contact through the rel-
atively transparent tunnel barrier necessary for reasonable spin cur-
rent flow (>1pA)—as the spin lifetime is insensitive to temperature
in the FM, this masks any dependence one might expect to see in the
Si. The spin lifetimes thus extracted in the three-terminal geometry
reflect the environment in close proximity to the contact.

Spin diffusion lengths and temperature dependence. The spin
diffusion length is given by Ly, =(DT,)"%, where D is the diffusion
constant calculated from the measured carrier concentration and
mobility. We obtain Lg,~190nm (120 nm) for sample A (B) at 10K.
The temperature dependence of the spin diffusion length is sum-
marized in Figure 4a. For sample A, Lg;, exhibits little variation with
temperature, because neither D nor 7, does. As noted previously,
Ochiai and Matsuura® also found 7, to exhibit a weak temperature
dependence in heavily doped bulk Si. For sample B, Ly, increases
with temperature, a trend due largely to the temperature depend-
ence of D=ukT/q for a non-degenerate system, where p is the
mobility. L, reaches a value ~400nm near room temperature and
above, demonstrating that practical devices based on spin transport
in Si are viable with conventional lithographic and fabrication tech-
niques found in most Si fabrication lines. These spin diffusion lengths
are shorter than those measured previously in Si epilayers using a
four-terminal non-local geometry (~1um for n=3x10"cm™* at
10K)*Y. In the four-terminal geometry, the spin diffuses laterally
away from the contact and samples non-contact regions of the Si
before detection, so that the spin properties extracted represent some
weighted average of those for the non-contact and contact regions.
In contrast, the three-terminal geometry probes the Si directly at the
contact interface, where additional spin scattering mechanisms are
likely to be present, as discussed in the previous paragraph.

The temperature dependence of the Hanle amplitude is shown in
Figure 4b. The amplitude of the signal AV, (B,=0) decreases monot-
onically with temperature, a trend inconsistent with that of the spin
diffusion length and lifetime, indicating that other factors, such as
spin injection/detection efficiency, may be responsible. The detector
efficiency, for example, has been shown to exhibit pronounced bias
dependence at a fixed temperature®. The temperature dependence
of the detection efficiency has not been addressed to date, and is
beyond the scope of this paper.

Bias dependence of Hanle signal. Spin accumulation can also
be generated by reversing the bias so that electrons flow from Si
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Figure 4 | Temperature dependence. (a) Spin diffusion length Ly, as a
function of temperature for sample A (open symbols, n=3x10"cm~3) and
sample B (closed symbols, n=3x10"cm~3). (b) Plot of the magnitude of
three-terminal voltage as a function of temperature for sample A.

into the FM metal, referred to as spin extraction'”?. In this case,
minority spin polarization builds in the Si because of preferential
transmission of majority spin electrons into the FM tunnel contact,
and the Hanle curve AV, (B,) (proportional to Au) is expected to
change the sign. This is confirmed by the series of Hanle curves
shown in Figure 5a for sample A, where the bias voltage applied
to the tunnel barrier contact is varied from negative (injection) to
positive (extraction), with a corresponding inversion of the Hanle
signal.

The bias dependence of the three-terminal voltage AV, (B,=0) is
summarized in Figure 5b together with the I-V plot of the magnetic
tunnel barrier contact. AV}, is linear for low biases (+100u1A), but
exhibits pronounced asymmetry at higher bias. For large positive
bias (extraction), the behaviour is consistent with the I-V charac-
teristic of the contact, that is, the spin accumulation monotonically
increases, roughly tracking the injected current density, as one might
expect. However, at negative bias (injection), AV,(B,=0) achieves
a larger absolute magnitude indicating higher spin accumulation,
but then saturates and slightly decreases. This is not fully under-
stood at present, but may be because of either a bias dependence
of the detector efficiency® or a spin bottleneck effect”’ —major-
ity spin electrons flowing from the FM contact to the Si see a spin
resistance generated by spin accumulation in the Si within a spin
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Figure 5 | Bias dependence. (a) Three-terminal Hanle curves for different
values of the injection current at T=10K for sample A. Negative bias
indicates injection of majority spin electrons from the FM contact into the
Si. Positive bias indicates the extraction of majority spin from Si into FM
contact, which leaves an accumulation of minority spin in Si, consistent
with the sign reversal of the measured voltage. (b) Plot of the magnitude of
three-terminal voltage AV as a function of injection current (red squares),
and the /-V characteristic of the FM tunnel barrier contact (black circles).
The lines are guides to the eye.

diffusion length of the contact interface, whereas unpolarized elec-
trons flowing from the Si will not experience this effect. Note that
a larger spin accumulation per unit current density is generated for
injection than for extraction.

Control experiments. Control experiments were performed to
evaluate and exclude contributions from several potential spuri-
ous effects. Devices fabricated with non-magnetic contacts show no
Hanle effect and negligible magnetic field dependence. The magne-
toresistance effect in Si (due to Lorentz deflection of electrons by
the magnetic field) is found to be negligible in our samples. The
anisotropic magnetoresistance in the FM metal contact produced by
rotation of the magnetization out of plane due to the applied field B,
is found to be at most 2% of the measured Hanle signal, significantly
smaller than the Hanle curves shown here.

Discussion
The physical location within the sample structure of the spin
accumulation giving rise to the Hanle signal in the three-terminal

geometry is a matter of current debate, and such data require careful
interpretation. One would reasonably expect spin injection from
a FM contact to result in spin accumulation in the semiconductor
channel. This was the basis for the original theory of spin injection in
the diffusive regime applied at a single ferromagnet/semiconductor
interface, which predicted a spin resistance of r,=(pLs,)(W/w) in
units Q um? 1,

However, recent experimental work has shown that spin accumu-
lation can occur instead in localized interface states, giving rise to a
much larger signal AV,.(B,=0) than expected'?, typically expressed
as the spin resistance-area product R-A=AV,.(B,=0)-A/I. This
interface state model was developed by Tran et al.'? to describe three-
terminal Hanle measurements on Co/Al,0,/GaAs samples. Because
their Hanle signal was 10° times larger than that predicted by the-
ory, they concluded that spin accumulation developed in localized
states with long spin lifetimes near the tunnel barrier/semiconductor
interface, rather than in the GaAs channel. Effectively, in the
expression for r,, w decreases by ~10°-10° to a value w~1nm com-
mensurate with an effective interface width. Thus, in cases where
the measured Hanle signal R-A>>r,, spin injection/transport in the
semiconductor itself is not necessarily indicated. The oxide/GaAs
interface is well known to have a high density of interface states,
which has thwarted development of a metal-oxide-semiconduc-
tor transistor technology®. Similarly, AL,O,/Si interfaces formed by
sputter or electron beam deposition of the oxide exhibit large inter-
face state densities®, which may contribute to the large Hanle signals
recently measured for NiFe/Al,0,/Si three-terminal devices''—
these values were about two orders of magnitude larger than that
predicted by theory.

In contrast, the R-A values presented here for the FM/SiO,/Si
three-terminal devices are in very good agreement with the
original theory over a wide temperature range. In addition, the spin
lifetimes show a clear correlation with the Si carrier density consist-
ent with ESR data for bulk Si. These data lead us to rule out spin
accumulation in interface states, and conclude that our results dem-
onstrate spin injection, accumulation and precession in the n-doped
Si channel at temperatures up to 500K. Non-local four-terminal
Hanle measurements also provide clear indication of spin trans-
port in the Si channel, although to date such data extend only to
T"‘ 125 K9,10,17,29.

In summary, we have observed Hanle precession of the electron
spin in Si at temperatures up to 500K, demonstrating electrical spin
injection/detection with FM metal/SiO, tunnel barrier contacts. We
find that the magnitude of the Hanle signal is in good agreement
with theory, and decreases approximately linearly with temperature
over the range 10-500 K. Lorentzian fits to the Hanle curves yield
spin lifetimes of ~320 (100) ps and spin diffusion lengths of ~120
(190) nm at 10K for the lower (higher) n-doping levels at a bias volt-
age ~0.9V. These values are insensitive to temperature for carrier
densities in the metallic regime, that is, above the MIT. Our results
demonstrate that the spin accumulation in Si is viable as a basis for
practical devices, which meet the operating temperatures specified
for commercial (85°C), industrial (100°C) and military (125°C)
applications.

Additional challenges remain before a practical technology
can be realized, and some solutions have already been outlined.
Behin-Aein ef al. have argued that it may be inefficient and unnec-
essary to convert the spin accumulation in the semiconductor to a
conventional measure such as an output voltage®. They argue that
such repeated spin-to-charge conversion wastes energy and negates
the advantage of a spin state variable, and propose instead a logic/
memory device that uses spin at every stage of its operation using
nanomagnets as digital spin capacitors to store information. Spin
gain has also been identified as a challenge, with preliminary experi-
ments pointing towards a solution, albeit at low temperatures®.
Several manifestations of a transistor exhibiting spin gain have been
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Figure 6 | Tunnel barrier characterization. Normalized zero bias resistance
(zbr) as a function of temperature measured for the SiO, tunnel barriers
utilized, showing a weak temperature dependence characteristic of
tunnelling. The two curves show the range of behaviour exhibited by
devices fabricated in different processing runs.

proposed and modelled, including the Si-based spin-MOSFET?!,
and a transistor, which incorporates a magnetic semiconductor as
the base®’. We hope that our results presented here enable a practical
realization of a spin-based semiconductor device technology.

Methods

Sample properties. Samples with four different carrier densities were studied,
ranging 3x10"¥-6x10" cm* as determined by Hall measurements at room temper-
ature. Samples were fabricated on two types of n-doped Si(001) substrates. Sample
A was a Si-on-insulator wafer with a 2-um-thick active Si layer, n=3x10""cm*
(As) and a resistivity of 2mQ cm at room temperature. The resistivity showed little
change with decreasing temperature, confirming the metallic behaviour. Sample

B was a 350-um-thick prime wafer with 7=3x10"cm ™ (Sb) and a resistivity of
10m€Q cm at 300K, which increased with decreasing temperature, indicating the
semiconducting behaviour. The other two samples were both Si-on-insulator
wafers with carrier densities of 1x10' and 6x10” cm >,

Sample processing and fabrication. Each sample was first etched with 5%
hydrofluoric acid and rinsed with deionized water to remove the native oxide and
produce a hydrogen-terminated surface, and then introduced into a sputtering
system with a base pressure in the high 10~ Torr range. The plasma is initiated with
a 50 mTorr mixture of 1:1 Ar+ O, (at a flow rate of 15 standard cubic centimeters
per minute (SCCM) each) and a radio frequency (RF) plasma power of 50 W. After
changing to an O, only atmosphere of 100 mTorr (at a flow rate of 30 SCCM) and
increasing the plasma power to 120-140 W, the sample is then moved to the vicin-
ity of the plasma, where the SiO, tunnel barrier is formed by oxidizing the surface
in this oxygen plasma at room temperature for 10 min. A range of 15-25nm of
either Co,,Fe,, or Nij Fe,, was then sputter deposited in situ on the SiO, using

a magnetron sputtering source with a pulsed direct current power supplied and
operated at 100 W at a rate of 10nmmin " at the same temperature. Conventional
photolithography and wet chemical etching were used to produce contact layouts
as those shown in Figure 1. The 150x100 um magnetic metal contact is capped with
10nm Ti/100 nm Au, which was also used for the two ohmic reference contacts,
and bond pads for the electrical connections are electrically isolated from the Si
using 100 nm of Si;N,.

Characterization of tunnel barriers. The integrity of the SiO, tunnel barrier was
confirmed by using typical I-V analysis procedures®, including successful fits

of the I-V curves with the Brinkman-Dynes-Rowell model, and measuring the
temperature dependence of the zero bias resistance. The normalized zero bias re-
sistance of the tunnel barrier contact, defined as R(T)/R(300K), exhibited modest
temperature dependence as shown in Figure 6, which has been argued to be a more
rigorous and reliable indicator of a pinhole free tunnel barrier than simple applica-
tion of the usual Rowell criteria®.

Diffusion constant. The diffusion constant D is calculated from the measured
carrier concentration and mobility using either the Einstein relation D= ukT/q for

non-degenerate systems, or the full Fermi-Dirac expansion D= (2ukT/q)(F,,(n;)/
F_,,,(n;) for degenerate systems (that is, when E; moves into the conduction band),
where F,,(1;) and F_, ,(1;) are the Fermi-Dirac integrals of order % and — %,
respectively, and n,=(E; - E./kT)*.

References

1. Chappert, C.,, Fert, A. & Nguyen van Dau, F. The emergence of spin electronics
in data storage. Nat. Mater. 6, 813-823 (2007).

2. Awschalom, D. D. & Flatte, M. E. Challenges for semiconductor spintronics.
Nat. Phys. 3, 153-159 (2007).

3. International Technology Roadmap for Semiconductors,http://www.itrs.net
(2009).

4. Dery, H, Dalal, P., Cywinski, L. & Sham, L. J. Spin-based logic in
semiconductors for reconfigurable large-scale circuits. Nature 447, 573-576
(2007).

5. Tanaka, M. & Sugahara, S. MOS-based spin devices for reconfigurable logic.
IEEE Trans. Elect. Dev. 54, 961-976 (2007).

6. Behin-Aein, B., Datta, D., Salahuddin, S. & Datta, S. Proposal for an all-spin
logic device with built-in memory. Nat. Nanotech. 5, 266-269 (2010).

7. Jonker, B. T. Progress toward electrical injection of spin-polarized electrons
into semiconductors. Proc. IEEE 91, 727-740 (2003).

8. Jonker, B. T., Kioseoglou, G., Hanbicki, A. T., Li, C. H. & Thompson, P. E.
Electrical spin-injection into silicon from a ferromagnetic metal/tunnel barrier
contact. Nat. Phys. 3, 542-546 (2007).

9. van ‘t Erve, O. M. J. et al. Electrical injection and detection of spin-polarized
carriers in silicon in a lateral transport geometry. Appl. Phys. Lett. 91, 212109
(2007).

10. Sasaki, T., Oikawa, T., Suzuki, T., Shiraishi, M., Suzuki, Y. & Noguhi, K.
Temperature dependence of spin diffusion length in silicon by Hanle-type spin
precession. Appl. Phys. Lett. 96, 122101 (2010).

11. Dash, S. P, Sharma, S., Patel, R. S., de Jong, M. P. & Jansen, R. Electrical
creation of spin polarization in silicon at room temperature. Nature 462,
491-494 (2009).

12. Tran, M. et al. Enhancement of the spin accumulation at the interface between
a spin-polarized tunnel junction and a semiconductor. Phys. Rev. Lett. 102,
036601 (2009).

13. Fert, A. & Jaffres, H. Conditions for efficient spin injection from a
ferromagnetic metal into a semiconductor. Phys. Rev. B 64, 184420 (2001).

14. Fert, A., George, J.- M., Jaffres, H. & Mattana, R. Semiconductors between
spin-polarized sources and drains. IEEE Trans. Elect. Dev. 54, 921-932 (2007).

15. Lou, X. et al, Electrical detection of spin accumulation at a ferromagnet-
semiconductor interface. Phys. Rev. Lett. 96, 176603 (2006).

16. D’yakonov,, M. I. & Perel, V. L. in Optical Orientation, Modern Problems in
Condensed Matter Science Vol. 8 (eds Meier, F. & Zakharchenya, B. P.) Vol. 8,
39-47 (North-Holland, 1984).

17. van ‘t Erve, O. M. J. et al. Information processing with pure spin currents in
silicon: spin injection, extraction, manipulation and detection. IEEE Trans.
Elect. Dev. 56, 2343-2347 (2009).

18. Li, C. H,, Kioseoglou, G., van ‘t Erve, O. M. J., Thompson, P. E. & Jonker, B. T.
Electrical spin injection into Si(001) through a SiO, tunnel barrier. Appl. Phys.
Lett. 95, 172102 (2009).

19. Passlack, M. et al. Screening of oxide/GaAs interfaces for MOSFET
applications. IEEE Trans. Elect. Dev. Lett. 29, 1181-1183 (2008).

20. Pifer, J. H. Microwave conductivity and conduction-electron spin-resonance

linewidth of heavily doped Si:P and Si:As. Phys. Rev. B 12, 4391-4402 (1975).

. Quirt, J. D. & Marko, J. R. Absolute spin susceptibilities and other ESR

parameters of heavily doped n-type silicon, i. metallic samples. Phys. Rev. B 5,
1716-1728 (1972).

22. Ochiai, Y. & Matsuura, E. ESR in heavily doped n-type silicon near a metal-
nonmetal transition. Phys. Stat. Sol. (a) 38, 243-252 (1976).

23. Zarifis, V. & Castner, T. G. ESR linewidth behavior for barely metallic
n-type silicon. Phys. Rev. B 36, 6198-6201 (1987).

24. Zarifis, V. & Castner, T. G. Observation of the conduction-electron spin
resonance from metallic antimony-doped silicon,. Phys. Rev. B 57,
14600-14602 (1998).

25. Crooker, S. A. et al. Bias-controlled sensitivity of ferromagnet/semiconductor
electrical spin detectors. Phys. Rev. B 80, 041305(R) (2009).

26. Zutic, I, Fabian, J. & Das Sarma, S. Spin-polarized transport in inhomogeneous
magnetic semiconductors: theory of magnetic/nonmagnetic p-n junctions.
Phys. Rev. Lett. 88, 066603 (2002).

27. Johnson, M. Bipolar spin switch. Science 260, 320-323 (1993).

28. Manchanda, L. et al. Multi-component high-K gate dielectrics for the silicon
industry,. Microelectron Eng. 59, 351-359 (2001).

29. Sasaki, T., Oikawa, T., Shiraishi, M., Suzuki, Y. & Noguchi, K. Comparison
of spin signals in silicon between nonlocal four-terminal and three-terminal
methods. Appl. Phys. Lett. 98, 012508 (2011).

30. Saha, D., Holub, M. & Bhattacharya, P. Amplification of spin-current
polarization. Appl. Phys. Lett. 91, 072513 (2007).

2

—

6 NATURE COMMUNICATIONS | 2:245 | DOI: 10.1038/ncomms1256 | www.nature.com/naturecommunications

© 2011 Macmillan Publishers Limited. All rights reserved.



NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1256

ARTICLE

3

—

. Sugahara, S. & Nitta, J. Spin-transistor electronics: an overview and outlook.
Proc. IEEE 98, 2124-2154 (2010).
32. Nikonov, D. E. & Bourianoff, G. I. Spin gain transistor in ferromagnetic

semiconductors—the semiconductor Bloch-equations approach. IEEE Trans.

Nanotech. 4, 206-214 (2005).
33. Sze, S. M. Physics of Semiconductor Devices 29 (Wiley-Interscience, 1981).
34. Jonsson-Akerman, B. . et al, Reliability of normal-state current-voltage
characteristics as an indicator of tunnel-junction barrier quality. Appl. Phys.
Lett. 77, 1870-1872 (2000).

Acknowledgments

This work was supported by the Office of Naval Research (Contract No.
N0001409WX30262) and core programs at NRL. O.M.].v.‘t.E. gratefully acknowledges
support as an NRL/George Washington University Research Associate. We gratefully
acknowledge the use of facilities in the NRL Nanoscience Institute.

NATURE COMMUNICATIONS | 2:245 | DOI: 10.1038/ncomms1256 | www.nature.com/naturecommunications

Author contributions

C.H.L. and O.M.J.v.'t.E. prepared the samples, made the measurements and

performed the data analysis. B.T.J. organized and coordinated the project, and prepared
the manuscript. All authors provided insight and expertise in interpretation of

the data.

Additional information
Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Li, C. H. et al. Electrical injection and detection of spin
accumulation in silicon at 500 K with magnetic metal/silicon dioxide contacts.
Nat. Commun. 2:245 doi: 10.1038/ncomms1256 (2011).

© 2011 Macmillan Publishers Limited. All rights reserved.





