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Low-resistance spin injection into silicon using
graphene tunnel barriers

0. M. J. van 't Erve*, A. L. Friedmanf, E. Cobas®, C. H. Li, J. T. Robinson and B. T. Jonker*

Spin manipulation in a semiconductor offers a new paradigm for device operation beyond Moore's law. Ferromagnetic
metals are ideal contacts for spin injection and detection, but the intervening tunnel barrier required to accommodate the
large difference in conductivity introduces defects, trapped charge and material interdiffusion, which severely compromise
performance. Here, we show that single-layer graphene successfully circumvents the classic issue of conductivity mismatch
between a metal and a semiconductor for electrical spin injection and detection, providing a highly uniform, chemically
inert and thermally robust tunnel barrier. We demonstrate electrical generation and detection of spin accumulation in
silicon above room temperature, and show that the contact resistance-area products are two to three orders of magnitude
lower than those achieved with oxide tunnel barriers on silicon substrates with identical doping levels. Our results identify
a new route to low resistance-area product spin-polarized contacts, a key requirement for semiconductor spintronic devices

that rely on two-terminal magnetoresistance, including spin-based transistors, logic and memory.

as a potential new state variable in semiconductor device oper-

ation for use beyond Moore’s law'~*, and new paradigms for
spin-based device operation have been proposed and modelled*®.
Ferromagnetic metals, which exhibit intrinsically spin-polarized
electron populations, high Curie temperatures and low coercive
fields, are seemingly ideal candidates as contacts for electrical injec-
tion and detection of spin currents in the semiconductor channel.
However, the large difference in conductivity between metal and
semiconductor makes this impossible®-!!.

A tunnel barrier between the ferromagnetic metal and the semi-
conductor has been identified as a potential solution to this
problem® !, and extensive effort has therefore been directed
towards developing appropriate tunnel barriers for spin contacts.
Most work has focused on a reverse-biased ferromagnetic
Schottky barrier'>! or an insulating oxide layer such as Al,O; or
MgO with a ferromagnetic metal contact!*"'”. For example, we
have recently shown that SiO,, an oxide widely used in the elec-
tronics industry, serves as an excellent spin tunnel barrier in ferro-
magnetic metal/SiO,/Si structures'®, although the oxide thickness
required to achieve a good spin signal resulted in high contact resist-
ance-area products.

An ideal tunnel barrier should exhibit the following key material
characteristics: a uniform and planar habit with well-controlled
thickness, minimal defect/trapped charge density, a low resist-
ance-area product for minimal power consumption, and compat-
ibility with both the ferromagnetic metal and the semiconductor
of choice, ensuring minimal diffusion to/ from the surrounding
materials at the temperatures required for device processing.

Metal Schottky barriers and oxide layers are susceptible to inter-
diffusion, interface defects and trapped charge, which have been
shown to compromise spin injection/transport/detection.
Ferromagnetic metals readily form silicides even at room tempera-
ture'®, and diffusion of the ferromagnetic species into the silicon
creates magnetic scattering sites, limiting spin diffusion lengths
and spin lifetimes in the silicon. Even a well developed and widely
utilized oxide such as SiO, is known to have defects and trapped
or mobile charge, which limit both charge and spin-based

| he spin angular momentum of an electron has been identified

performance. Such approaches also result in contacts with high
resistance—area products, and previous work has shown that
smaller resistance—area products within a window of values are
essential for efficient spin injection/detection''?’, in addition to
the more obvious benefit of reduced power consumption.

Graphene as a tunnel barrier

Graphene, an atomically thin honeycomb lattice of carbon, offers a
compelling alternative. Although it is very conductive in plane?"??, it
exhibits poor conductivity perpendicular to the plane?. Its sp?
bonding results in a highly uniform, defect-free layer that is chemi-
cally inert, thermally robust, and essentially impervious to diffu-
sion?*. We have recently demonstrated that single-layer graphene
can be used as a tunnel barrier between two metals in a magnetic
tunnel junction, albeit with modest tunnel magnetoresistance®.
Here, we show that a ferromagnetic metal/monolayer graphene
contact serves as a spin-polarized tunnel barrier contact that suc-
cessfully circumvents the classic metal/semiconductor conductivity
mismatch issue for electrical spin injection into a semiconductor,
and enables one to achieve contact resistance-area products that
fall within the critical window of values required for practical
devices'"®. We demonstrate electrical injection and detection of
spin accumulation in silicon above room temperature, and show
that the corresponding spin lifetimes correlate with the silicon
donor concentration, confirming that the spin accumulation
measured occurs in the silicon and not in the graphene or interface
trap states. The resistance-area products are three orders of
magnitude lower than those achieved with oxide tunnel barrier
contacts on silicon substrates with identical doping levels. These
results enable the realization of semiconductor spintronic devices
such as spin-based transistors, logic and memory that rely on
local magnetoresistance*~”.

Graphene was grown by low-pressure chemical vapour deposition
(CVD) within copper foil ‘enclosures’ according to ref. 26, and
transferred onto hydrogen-passivated n-type silicon (001) substrates
(electron density n=6 x 10" and 1 x 10" cm™?). Raman spec-
troscopy confirmed that the graphene was of high quality with
minimal defects?”. During device fabrication, care was taken to
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Figure 1| Schematic and cross-section of the samples. a, Monolayer
graphene serves as a tunnel barrier between the ferromagnetic metal
contact and the Si substrate. Contacts 1 and 3 are ohmic Ti/Au contacts.

b, The contact is designed so that the edges of the graphene are embedded
in the SiN insulator, preventing conduction through the graphene edge
states, which would short out the tunnel barrier.

isolate the conducting edges®® of the graphene by burying them in a
layer of sputter-deposited Si;N, (Fig. 1). Nig,Fe,, was then sputter-
deposited onto the graphene through vias in the Si;N,, defining
the spin-polarized contacts, followed by another layer of Si;N,,
and then electron-beam evaporation of ohmic Ti/Au contacts and
bond pads. A schematic of the devices is provided in Fig. la,b.
Electrical measurements were performed in a cryogen-free cryostat
and electromagnet set-up using a three-terminal configuration, as
depicted in Fig. 1a and described in the following. Further details
may be found in the Supplementary Information.
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Figure 2a shows the temperature dependence of the zero bias resist-
ance (ZBR) for NiFe/monolayer graphene/Si (6 x 10" cm™?) con-
tacts. The weak temperature dependence confirms that transport
occurs by tunnelling through a pin-hole-free tunnel barrier, and
provides a more definitive test for tunnelling than fits to a parabolic
model?. The inset shows a typical nonlinear I-V curve at 300 K.

Graphene serves as a highly conductive tunnel barrier, as
demonstrated in Fig. 2b by a comparison of the room-temperature
resistance—area products and current density versus voltage curves
for three types of contact to the silicon (6 x 10" cm™3) substrate:
NiFe/Si (ohmic), NiFe/graphene/Si (tunnelling) and NiFe/2 nm
SiO,/Si (tunnelling)'® contacts. NiFe deposited directly on the
silicon forms an ohmic contact with a resistance-area product of
0.4 kQ wm?, and the conductivity increases with decreasing temp-
erature (metallic-like, Fig. 2a). When a single layer of graphene is
inserted between the NiFe and the silicon, tunnelling behaviour
dominates, but the resistance-area product increases to only
6 kQ) um?. In contrast, a NiFe/2 nm SiO, tunnel contact on the
same substrate’® has a much larger resistance-area product of
15 MQ um?, with a corresponding decrease in the tunnel current
of over a factor of 10” at a given bias voltage. A similar trend is
observed for contacts to the Si(1 x 10" cm™>) substrate, although
the NiFe/Si contact is Schottky-like rather than ohmic. Thus, the
uniform atomically thin character of graphene provides a superior
tunnel barrier with a low resistance-area product.

A graphene solution to conductivity mismatch: spin injection
The large difference in conductivity precludes spin injection from a
typical ferromagnetic metal into a semiconductor—the higher resis-
tivity of the semiconductor limits current flow, so that equal
amounts of majority and minority spin current flow into the semi-
conductor, resulting in zero net spin polarization®!!. A ferromag-
netic metal/tunnel barrier provides a spin-selective interface
resistance and circumvents this issue; the source term is the interface
spin-polarized density of states of the ferromagnetic metal, and the
higher tunnel barrier resistance controls the current flow?.

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, as shown in Fig. la.
A current is applied to contacts 1 and 2, and a voltage is measured

a b
. . 2.0
NiFe/Gr/Si 04 NiFe/Si RA =400 Q pm?
~ 104
250 | £
€
L
2.00 | “ g 107 NiFe/Gr/Si RA = 6 kQ pm?
o =
N <
2 01 >
N 150 @
= g 1078
£ o
10«4 = E
______ e O . . .
J— A A 10-10 4 NiFe/SiO,/Si RA =15 MQ pm?
0.50 4
NiFe/Si
10721 T=300K n=6x10"
0.00 T T T T T T T T T T T
0 50 100 150 200 250 300 350 -012 -0.08 -0.04 000 004 008 0.12

Temperature (K)

Voltage (V)

Figure 2 | Electrical characteristics of the NiFe/graphene/Si contacts. a, The normalized zero bias resistance (ZBR) shows a weak insulator-like temperature
dependence, confirming tunnel transport. Each solid colour line is from a different contact, illustrating the reproducibility of the data. Inset: I-V curve at

300 K. The ohmic NiFe/Si contacts exhibit metallic behaviour; results for three contacts are shown by triangles, red-dashed and green-dashed lines.

b, Current-voltage curves and corresponding resistance-area (RA) products for NiFe/Si, NiFe/graphene/Si and NiFe/2 nm SiO,/Si contacts. The Si electron

density is 6 x 10" cm 3.
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Figure 3 | Hanle spin precession measurements. a, Schematics illustrating spin injection, spin precession in an applied magnetic field, and the Lorentzian
lineshape expected for an electrical measurement of the Hanle effect. N(E) refers to the energy-dependent density of states for majority spin (up arrow) and
minority spin (down arrow) electrons. b, Room-temperature Hanle data for spin injection and extraction for the NiFe/graphene/Si (1 x 10') samples using
40 x 40 pm? contacts. ¢, Low-temperature (4 K) Hanle data for the NiFe/Si ohmic reference contacts, and the NiFe/graphene/Si samples for both carrier
concentrations studied. The red lines are fits to the experimental data using the Lorentzian function described in the text. The plots are offset for clarity, and
every fifth data point is shown. d, Spin lifetimes obtained from three-terminal Hanle measurements at 10 K as a function of the Si electron density for the
tunnel barrier materials indicated and different ferromagnetic metal contacts (Fe, CoFe, NiFe). Symbol shapes distinguish the tunnel barrier materials:
triangles, SiO,; circles, Al,Og; squares, MgQ; stars, graphene. Solid symbols correspond to devices with Nig, gFe, , contacts, half-solid symbols to Fe contacts,
and open symbols to Cog 4Fe,; contacts. The spin lifetimes show a pronounced dependence on the Si doping level, and little dependence on the choice of

tunnel barrier or magnetic metal.

across contacts 2 and 3. The injection of spin-polarized carriers
from ferromagnetic contact 2 produces a net spin accumulation in
the silicon described by the splitting of the spin-dependent electro-
chemical potential, A = fo,,~tgonn (Fig. 3a), which is detected as a
voltage AV, = yAu/2e, where 1y is the tunnelling spin polarization
of the magnetic tunnel contact. When a magnetic field B, is applied
perpendicular to the electron spin direction (sample surface), spin
precession at the Larmor frequency w; = guyB,/h results in a
reduction of the net spin accumulation due to precessional
dephasing (the Hanle effect)’!. Here, g is the Lande g-factor (g=2
for silicon), wy the Bohr magneton, and % the reduced Planck’s
constant. The voltage AV,.(B,) decreases with B, with a
Lorentzian lineshape given by AV,.(B,)=AV,:(0)/[1 + (@ 7.)*]
(ref. 31). Fits to this lineshape give a lower bound for the spin
lifetime, 7, (ref. 17).

Figure 3 presents data obtained from Hanle measurements of the
NiFe/graphene/Si devices at room temperature (Fig. 3b) for spin
injection and extraction, and at a low temperature (Fig. 3c) for
spin injection for different silicon carrier concentrations, and for
control samples. Devices incorporating a graphene tunnel barrier
show a clear Hanle signal, confirming successful spin accumulation
and field-induced precession. In contrast, control devices without
graphene (Fig. 3c) show no signal, indicating that no significant

spin accumulation occurs, as expected due to the large conductivity
mismatch in the absence of a tunnel barrier.

Typical Hanle data are shown in Fig. 3b for a NiFe/graphene/Si
(1 x 10"°) sample at room temperature. When the contact is biased
to inject electrons from the NiFe into the silicon, majority spin
polarization builds in the silicon and a negative peak is observed
in the Hanle signal at zero field. The magnitude of the spin
voltage decreases with applied field B, as the spins precess and
dephase, as described above. In the extraction case, a positive bias
is applied to the NiFe, and majority spin electrons preferentially
tunnel from the silicon into the NiFe, so that a minority spin polar-
ization builds up in the silicon. In this case, the Hanle curve should
reverse sign, and this behaviour is observed experimentally. Note
that there is a significant difference between the magnitude of the
Hanle signal in injection and extraction for a given bias current,
as expected for an asymmetric metal/insulator/semiconductor
structure (M/1I/S). This also rules out spurious effects such as ani-
sotropic magnetoresistance, which would exhibit equal amplitude
upon reversing the bias. The measured spin voltage AV (B,=0)
is significantly larger at lower temperatures for a given bias
current (Fig. 3¢).

Values for the spin lifetime, 7,, are obtained from fits to the Hanle
curves using the Lorentzian described above. Typical fits are shown by
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Figure 4 | Bias dependence of spin lifetime/diffusion length and spin-
voltage at 4 K. a, Spin lifetime 7, and diffusion length Ls, = (D7.)"/? are at a
maximum at low bias, and decrease with increasing positive and negative
bias. b, Measured three-terminal spin voltage is strongly asymmetric

with bias, although the conventional current-voltage characteristic is
predominantly symmetric. The Si carrier concentration is n=1x 10" cm™>.

the solid lines in Fig. 3b,c, and yield values of 130+ 10 ps at 300 K
and a bias current of +10 mA for the Si(1 x 10'°) sample. The spin
lifetime depends strongly on contact bias and silicon donor density,
and weakly on temperature due to the metallic character of the
silicon, as discussed previously'®*2. The spin lifetime decreases
with increasing donor density, as expected from electron spin
resonance (ESR) measurements on bulk silicon®’34 At T=4K,
fits to the Hanle data of Fig. 3c yield 7,= 140 ps and 105 ps for
the Si(1 x 10') and Si(6 x 10") samples, respectively.

These values agree well with those reported for NiFe/SiO, tunnel
barrier contacts'®, and show a clear correlation with the character of
the silicon. This is shown explicitly in Fig. 3d, where we plot the spin
lifetime obtained from three-terminal Hanle data on n-Si as a func-
tion of electron density for four different tunnel barrier materials
(graphene, Al,O;, MgO and SiO,) and three different magnetic
metal contacts (Fe, CoFe and NiFe). The spin lifetime measured
with the three-terminal Hanle geometry shows a clear dependence
only on electron density, and the dependence is consistent with lit-
erature ESR data on bulk silicon. The spin lifetime is completely
independent of the tunnel barrier material or magnetic metal
used for the contact. The values for the graphene tunnel barriers
fall directly on the curve. These data confirm that the spin accumu-
lation occurs in the silicon, and not in the graphene or possible

740

interface trap states. The measured spin lifetimes are shorter than
those in bulk silicon because they reflect the environment directly
beneath the contact, where the reduced symmetry and increased
scattering from the interface are likely to produce additional spin
scattering®.

Bias and temperature dependence

The bias dependence of 7, is summarized in Fig. 4a at T=4K for
the Si(1 x 10'°) sample. At low bias, the spin lifetime is ~200 ps,
and decreases to 100 ps with increasing negative bias (spin injec-
tion). For positive bias (spin extraction), 7, initially increases slightly
to 220 ps, and then decreases. The bias dependence is not fully
understood, and a detailed discussion is beyond the scope of this
text, but some qualitative observations can be made. The bias
voltage alters the interface electric field and the electron energy,
and hence the relevant portion of band structure involved. For
spin injection, a negative bias is applied to the ferromagnetic/gra-
phene tunnel contact, and both the interface electric field and the
injected electron energy are increased. Both effects have been
shown to reduce the measured spin lifetime. Hot electrons injected
at higher energies into the host band structure experience rapid
thermalization accompanied by spin relaxation®, consistent with
the trend we observe here. For spin extraction, the positive bias
initially reduces the electric field, which exists due to carrier
depletion at the silicon interface, and the modest increase in spin
lifetime observed is consistent with this behaviour. Higher positive
biases produce an interface electric field of opposite sign, pulling the
electrons in the silicon towards the interface where the reduced sym-
metry and higher defect density are likely to produce more rapid
spin relaxation, as observed experimentally. The electrons extracted
from the silicon also sample the unfilled density of states of the NiFe
where the polarization is lower®. This latter mechanism may change
the spin extraction efficiency and hence the measured spin voltage
(discussed below), but to first order should not strongly impact
the spin lifetime measured in the silicon.

The measured spin voltage AV, (B,=0) produced by spin
accumulation in the silicon also exhibits a strong bias dependence,
as summarized in Fig. 4b together with the I-V plot of the
NiFe/graphene/Si(1 x 10'?) contact. Although the I-V curve is
approximately symmetrical, the AV,;—V curve is markedly asym-
metric, with much higher values achieved for spin injection than
for extraction, as already noted in the Hanle data of Fig. 3b. For
spin injection, AV, increases with the bias current as one might
reasonably expect, despite the fact that the spin lifetime is decreas-
ing, indicating that the spin source process more strongly affects
the spin accumulation than the spin relaxation process. However,
for spin extraction, AV, quickly saturates, even though the
current is exponentially increasing with bias voltage. This may be
attributed in part to a decrease in the spin lifetime (Fig. 4a), or
to the bias dependence of the detection efficiency?®, or to less effi-
cient spin filtering due to reduced spin polarization of the NiFe
density of states above the Fermi level®>. Further work is necessary
to quantify the roles played by these various processes. Similar data
were obtained for the Si(6 x 10'°) sample over +0.2V bias
(limited by the maximum current allowed), and exhibited
symmetric behaviour.

The spin diffusion length is given by L, = (D, )"/% where D is
the diffusion constant calculated from the measured carrier concen-
tration and mobility using the Fermi-Dirac expansion for degener-
ate systems, D= (2ukT/q)(F,;,(ng)/F_, /,(ng)), where Fy (1)
and F_, ,(ng) are the Fermi-Dirac integrals of order 1/2 and
—1/2, respectively, and np = (Ep — Ec)/kT (ref. 37). Values at 4 K
are shown in Fig. 4a as a function of bias for the Si(1 x 10'%)
sample, and for both samples as a function of temperature in
Fig. 5a. The temperature dependence mirrors that of the diffusion
constant. Ly, reaches a value ~200 nm near room temperature
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Figure 5 | Temperature dependence of spin diffusion length and voltage.
a, Temperature dependence of Lg is dominated by that of the diffusion
constant. b, Measured three-terminal spin voltage decreases monotonically
with increasing temperature.

for these carrier concentrations, demonstrating that practical
devices based on spin transport in silicon are viable with conven-
tional lithographic and fabrication techniques.

The measured spin voltage AV, (B,=0) decreases monotoni-
cally with temperature, as shown in Fig. 5b. The spin resistance-
area product, defined as AV;.(0)A/I,, where A is the contact area
and I, the bias current, is a useful metric for evaluating contact
performance and for comparing experimental results with theory.
For the higher biases used (producing larger spin voltages), the
Si(1 x 10") and Si(6 x 10"°) samples exhibit spin resistance-area
products of 72 Q pm” and 0.84 ) pm* respectively at T= 4K,
and 9 Q um® and 0.04 Q wm® at 300 K. The spin resistance-area
product predicted by the theory of diffusive transport across a
single ferromagnetic metal /semiconductor interface for the geome-
try used here is given by y°r, = y*(pL,) (refs 11,20), where p is the
sample resistivity and Lgp, is the spin diffusion length determined
from the Hanle data as described above. If we assume a typical
value for the tunnelling spin polarization y~ 0.4, the corres-
ponding values for our samples are 1.2-1.8  um? (1 x 10'%) and
0.2-0.3 Q um® (6 x 10'°) over the temperature range 4-300 K.
We thus see generally good agreement with the calculated results,
although the bias dependence we observe experimentally has not
been addressed theoretically.

Resistance-area products

The conventional resistance-area product of the magnetic contact is
an important parameter in determining the practical applications of
spin-based semiconductor devices such as the silicon spin-
MOSFET® (note that this is the standard resistance-area product
rather than the spin resistance-area product discussed above). The
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Figure 6 | Resistance-area product window for local magnetoresistance.
Calculation of the local (two-terminal) magnetoresistance (MR) as a
function of the conventional resistance-area product of the contact and the
Si electron density for the device geometry shown in the inset, using the
theory of ref. 11. Data points are the resistance-area products measured for
our ferromagnetic metal /tunnel barrier/Si contacts using 2 nm SiO,
(triangles), 1.5 nm Al,O5 (diamond) and monolayer graphene (circles)
tunnel barriers prepared from identical Si wafers in our laboratory. The
ferromagnetic metal /graphene resistance-area products fall within the
window of useful magnetoresistance values. W =w =11 nm.

operation of such devices depends on realizing significant local
magnetoresistance, that is, the magnetoresistance measured directly
between two magnetic contacts. Calculations have shown that sig-
nificant local magnetoresistance can be achieved only if the
contact resistance-area product falls within a range that depends
on the silicon channel conductivity, the spin lifetime, the contact
spacing (for example, the spin transistor gate length)!*° and the
contact width®®. The resistance-area products of all tunnel barrier
contacts so far have been much larger than required, making
such devices unattainable. However, the low resistance-area
products provided by the graphene tunnel barriers fall within this
window, and enable realization of these and other important
spintronic devices. Previous work to lower the resistance-area
product utilized a low-workfunction metal such as gadolinium at
the tunnel barrier interface, but no spin accumulation in the
semiconductor was demonstrated®.

We calculated the range of optimum resistance—area products
and the corresponding local magnetoresistance as a function of
the silicon electron density based on the model of ref. 11, using
the contact geometry shown as the inset to Fig. 6. The geometric
parameters are chosen to be consistent with the node anticipated
for silicon device technology within the next five years. The
carrier concentration dependence of the mobility, resistivity and
spin lifetime are taken from refs 32-34 and 37, and we assume that
the Einstein relation between the mobility and diffusion constant
holds for the complete doping range. The colour code in Fig. 6 ident-
ifies the range of useful magnetoresistance and the corresponding
window of contact resistance—area products required.

Tunnel barrier contacts of ferromagnetic/ALO; and
ferromagnetic/SiO, fabricated previously in our laboratory have
been shown to produce significant spin accumulation in
silicon'>!8, but have resistance-area products that are too high to
generate usable local magnetoresistance. In contrast, utilizing
monolayer graphene as the tunnel barrier lowers the resistance—
area product by orders of magnitude, and values for the
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NiFe/graphene contacts on bulk wafers fall well within the range
required to generate high local magnetoresistance. Reducing the
resistance—area product also has a positive effect on the electrical
properties of the spin device, as lowering the resistance reduces
noise and increases the speed of an electrical circuit®.

Conclusions

In summary, we have demonstrated that a ferromagnetic metal/
monolayer graphene contact serves as a spin-polarized tunnel
barrier contact, which successfully circumvents the classic metal/
semiconductor conductivity mismatch issue for electrical spin injec-
tion and detection. Our results identify a route to low resistance—
area product spin-polarized contacts, a crucial requirement enabling
future semiconductor spintronic devices. Graphene provides a
tunnel barrier with a uniform and planar habit, well-controlled
thickness, minimal defect/trapped charge density, a low resist-
ance-area product and compatibility with both the ferromagnetic
metal and semiconductor of choice, ensuring minimal diffusion
to/from the surrounding materials at the temperatures required
for device processing. Utilizing multilayer graphene in such struc-
tures may provide much higher values of the tunnel spin polariz-
ation due to the band structure derived spin filtering effects that
have been predicted for selected ferromagnetic metal/multilayer
graphene structures*~*. Such an increase will improve the perform-
ance of semiconductor spintronic devices by providing higher

signal-to-noise ratios and corresponding operating speeds, thereby

advancing the technological applications of silicon spintronics**.
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