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We report electrical spin injection, transport, and detection at room temperature through band-to-band
tunneling (BTBT) at semiconductor p-n junctions. Using germanium-based lateral spin-valve devices with
p-n-junction electrodes, we experimentally observe pure spin-current transport through BTBT at room
temperature. Asymmetric bias-current dependence of the spin signals is evidently found, which originates
from the spin injection via BTBT through p-n junctions or the spin extraction via localized states near
p-n junctions. Notably, even for the use of a thin p-type semiconductor layer at the spin injector and
detector, we find clear spin-transport properties at room temperature. This study will open a path for the
room-temperature operation of a spin-based tunnel field-effect transistor with a p-» junction.

DOI: 10.1103/PhysRevApplied.23.L051005

Spin transport at room temperature in semiconductors
(SCs) is a key requirement for achieving nonvolatility,
reconstructibility, and ultralow power consumption for
SC-based electronic devices [1-5]. Because of the space-
inversion symmetry, group-IV SCs, such as carbon (C),
silicon (Si), and germanium (Ge) have been explored for
the room-temperature spintronic technologies [6—11]. Fur-
thermore, Ge is not only a next-generation channel mate-
rial for CMOS transistors [12] but is also compatible with
spin-based photonics [11,13,14] and quantum computing
devices [15,16].

Thus far, we have developed a highly efficient spin
injection and detection technique with Co-based ferro-
magnetic Heusler alloy, Co,FeAlysSigs (CFAS) [17,18],
and Co,MnSi (CMS) [19], as spin injectors and detec-
tors for Ge-based lateral spin-valve (LSV) devices. Also, a
Schottky-tunnel contact consisting of the Co-based ferro-
magnetic Heusler alloy and a phosphorus (P) §-doped Ge
layer has been utilized to promote the tunneling conduction
of spins without using insulator tunnel barriers [11,19—
21]. These techniques are well established for exploring
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the spin injection and detection efficiency [22] and the
spin-relaxation mechanism in group-IV SCs [11,17,23].

Recently, Ge-based metal-oxide-semiconductor field-
effect transistors (MOSFETSs) with top-gate stacks and the
Co-based ferromagnetic Heusler alloy electrodes were fab-
ricated [24,25]. Although we observed a relatively high
field-effect electron mobility of approximately 350 cm?/Vs
[25] compared to those in a Si-based back-gate spin-
MOSFET reported previously [26], the ON:OFF ratio of the
source-drain (S-D) current flows is still low for the appli-
cation level. Since this is attributed to the small built-in
potential and the barrier height between the p-n junction
in the S-D region, it is indicated that the OFF-state leak-
age current of the MOSFET, corresponding to the junction
leakage current, became relatively high because of the
presence of the defects in Ge spin-transport layers [25].
To overcome the above issue, we should explore the other
approaches to demonstrate a great current modulation in a
transistor structure other than the MOSFET.

For spintronic applications, we here draw inspiration
from a tunnel FET (TFET) structure [27-33]. In general,
TFETs utilize quantum-mechanical band-to-band tunnel-
ing (BTBT) from p-type SC layer to n-type SC one through
the p-n junction for the current modulation with low power

© 2025 American Physical Society
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consumption [27-33]. Even for Ge, the BTBT was dis-
cussed for a TFET [28-30,33]. As a first step for an
application of the TFET to spintronics, one should explore
the spin transport through BTBT at Ge p-n junctions, con-
sidered for the spin TFET applications. Although there
are several studies on the spin transport through BTBT at
p-n junctions having ferromagnetic semiconductors [34—
37], all the data were limited to the low-temperature
demonstrations less than room temperature unfortunately.

In this letter, we show pure spin-current transport
through BTBT at Ge p-n junctions even at room tempera-
ture because of the use of highly spin injection and detec-
tion techniques [22]. Asymmetric bias-current dependence
of the spin signals is evidently found, which originates
from the spin injection via BTBT through p-n junctions or
the spin extraction via localized states near p-n junctions.
Even for the use of a 7-nm-thick p-Ge layer at the spin
injector and detector, we find clear spin-transport proper-
ties at room temperature. This study will open a path for
designing spin-TFET structures with a Ge p-n junction at
room temperature.

To demonstrate spin transport through BTBT at
Ge p-n junctions, we grew CFAS/p-Ge/n-Ge/Ge-buffer
layer/Si(111) heterostructures. The schematic of the het-
erostructure is shown in Fig. 1(a). In the following, we
explain the growth procedure and fabricated LSV devices.
Using molecular beam epitaxy (MBE), we first formed an
undoped Ge(111) layer (approximately 40 nm) grown at
350°C [low-temperature (LT) Ge layer] on an undoped
Si(111) substrate (p ~ 1000 Q2cm) and then formed an
undoped Ge(111) layer (approximately 500 nm) grown at
700 °C [high-temperature (HT) Ge layer] [38,39]. Then,
we grew a 140-nm-thick P-doped n-Ge layer with a con-
centration of approximately 10!° cm™ by MBE at 350°C
on the HT Ge layer. Subsequently, we grew a 7-nm-thick
gallium (Ga)-doped p-Ge layer with a concentration of
approximately 10" cm™ by MBE at 350°C on the n-
Ge layer. Here, to promote BTBT at the p-n junction, we
grew a P §-doped Ge layer with an ultrathin Si layer on
the bottom of the p-Ge layer [20], as described by the red
dashed line shown at the bottom of the p-Ge layer [Fig.
1(a)]. Finally, as a spin injector and detector, we grew a
CFAS layer, which is a highly spin-polarized Heusler alloy
[22,40-43] on the p-Ge layer. Here, a 0.7-nm-thick Fe
layer was inserted between the CFAS layer and the p-Ge
layer to suppress the interdiffusion between Co and Ge and
to obtain large spin signals [18,19,44].

After the film growth, we measured the magnetization
curves of the CFAS layer by using a vibrating sample
magnetometer. The saturation magnetization of the CFAS
layer was estimated to be approximately 1000 emu/cm?,
close to that of our previous report [17]. Finally, we fabri-
cated LSV devices [2,45-47], as shown in Fig. 1(b), using
electron-beam lithography and Ar ion milling. Details and
top views of similar LSV devices have been reported
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FIG. 1. Schematics of (a) a grown Co,FeAlysSios/p-Ge/n-

Ge/Ge-buffer/Si(111) heterostructure and (b) a fabricated lateral
spin-valve (LSV) device with the Ge p-n junctions. The black
and green terminal configurations represent the four-terminal and
three-terminal nonlocal voltage measurements, respectively. (c)
I — Viye characteristics recorded by the three-terminal nonlocal
voltage measurement at various temperatures. The insets show
possible band diagrams in Vi, < 0 (left) and Vi, > 0 (right).

elsewhere [11,48]. As needed, we varied the edge-to-edge
distance (d) between the spin injector and the detector,
and the size of the spin injector (detector) contact is 0.4 x
5.0 pm? (1.0 x 5.0 wm?). Finally, to obtain the value of
carrier concentration in the n-Ge layer, we also fabricated
Hall-bar devices next to the LSV devices on the same het-
erostructure. As a result, the carrier concentration at room
temperature is estimated to be 2.0 ~ 3.0 x 10'® cm—3.
First, we perform current (/)— voltage characteristic
measurements in an LSV device to confirm BTBT through
the Ge p-n junction. Figure 1(c) shows [/ — Vi, charac-
teristics from 8 to 295 K, measured by a three-terminal
method shown in Fig. 1(b), where Vi, means the voltage
applied to the interface consisting of the CFAS/p-Ge/n-
Ge junction [48,49]. In Viy > 0 (forward-bias conditions),
conventional features of forward-bias currents through the
p-n junction are observed from 8 to 295 K. For analyz-
ing the I — Vi, features in Vi > 0, we fit the data at 295
K using I = Iy{exp(qVint/nkT) — 1} in Vi, > kT/q, where
Iy is the saturation current, n is ideality factor, g is the
elementary charge, k is the Boltzmann constant, and T is

L051005-2
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the absolute temperature. As a result, the value of n can be
obtained to be 1.3 ~ 1.8 in 0.006 V < Vi < 0.018 V at
295 K. In general, the n value between 1 and 2 is caused
by the recombination of carriers at the localized states in
p-n junction [50,51]. Therefore, we consider that a possi-
ble model of the forward currents through the p-n junction
is illustrated in the right inset schematic in Fig. 1(c). In
Vit < O (reverse-bias conditions), on the other hand, we
can see no strong rectifying behavior and clear tunnel con-
ductions even for the reverse bias at the p-n junction. Note
that almost the same features were detected even though
the terminal configuration was switched. Since we have
intentionally used a P §-doped Ge layer at the pn junc-
tion, the quantum-mechanical BTBT is easily observed
even in a small negative Viy. The feature in Vi < 0 means
the BTBT through the Ge p-n junction prepared here, as
shown in the left inset schematic in Fig. 1(c). Although
this is a demonstration of an ON state (normally ON) via
BTBT in a TFET structure, we can explore the spin injec-
tion and detection properties in the LSV devices with the
Ge p-n junctions using the CFAS/p-Ge/n-Ge junctions as
a spin injector and a detector.

Figure 2(a) shows a representative nonlocal spin signal
[ARNL = AVNL/INL = (V;t — Vlti)/]NL] as a function of
in-plane magnetic fields (B,) at 297 K. Here, these sig-
nals were recorded in Iyp < 0, indicating that the spin-
polarized electrons are injected into the n-Ge from the
CFAS/p-Ge contact via BTBT. By sweeping B, [Fig.
2(a)], hysteretic behavior depending on the magnetization
switching between the parallel and antiparallel states is
clearly observed at 297 K. In these measurements, we did
not detect the enhancement in Ry in the high magnetic
fields, observed in metallic spin-valve devices with some
influences of the ferromagnetic impurities [52,53]. Tem-
perature dependence of magnitude of ARN. (JARNL|) 1S
also shown in Fig. 2(b). Monotonic increase in |ARyy | is
seen with decreasing temperature, indicating the absence
of the impurity-induced reduction in |ARynp| in these
measurements [53,54].

Also, by sweeping out-of-plane magnetic fields (B.)
[Fig. 2(c)], Hanle precession signals are clearly observed
in both the parallel and antiparallel magnetization states
of CFAS electrodes at room temperature. Here, in Hanle
curve measurements, background curves originating from
magnetoresistance effect and Hall effect in semiconduc-
tor channels are superimposed. In Fig. 2(c), the influ-
ence of the Hall effect was subtracted from the raw
data for clarity [2,11]. Therefore, we did not conduct
the detailed analyses with these Hanle curves. In any
case, we note that these data mean that the spin trans-
port through the pn junctions in the Ge-based LSV device
is evidently observed at 297 K. Because the previous
reports regarding the spin transport through the BTBT
were limited to the low-temperature observation [34-37],
the present results with room-temperature spin transport
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FIG. 2. (a) Nonlocal spin signals and (c) Hanle-effect curves

measured at 297 K for an LSV device with d = 0.5 pm. (b) Tem-
perature dependence of | ARy |. The inset shows a nonlocal spin
signal at 50 K. For these measurements, the injection current /.
of —0.1 mA is applied, inducing a BTBT condition.

are significant progress that can pave the way to demon-
strate a spin TFET with room-temperature operation.

To further explore the spin injection and detection
through the p-n junctions at room temperature, we inves-
tigate the bias-current (/np) dependence of |AVyr| (and
|ARNL]) in Fig. 3(a) (and in the inset) for an LSV device
with d = 1.0 pm. When Iy < 0, the | AV | is enhanced
linearly within Iyy = —0.3 mA, meaning that spin accu-
mulation in the n-Ge spin-transport channel is linearly
increased. As illustrated in the left band diagram of Fig.
3(b), the spin injection through BTBT occurs to create
the spin accumulation in #n-Ge [35,36]. Here, a very small
Schottky barrier height due to the strong Fermi-level pin-
ning should be considered at the metal/p-Ge [55-57].
With decreasing i (with increasing |/np| in Inp < 0), the
spin accumulation created in n#-Ge is efficiently increased.
In this situation, the |ARnr| is also enhanced around
In. = —0.2 mA, and then, the ARy is decreased in Iy, <
—0.2mA, giving rise to the influence of the Joule heat-
ing. When Iyp > 0, on the other hand, the |ARnp| is
decreased monotonically with increasing Iyp. This fea-
ture is inconsistent with the conventional spin extraction
from semiconductor channels, discussed in the literature
[58—62]. At this stage, we consider that the condition of
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FIG. 3. (a) Bias-current (/n.) dependence of |AVy.| for the
LSV with d = 1.0 wm at room temperature. The inset shows
its In;, dependence of |ARNL|. (b) Possible band diagrams of
the spin injection via BTBT (left) and of the spin extraction via
localized states (right) at a Ge p-» junction.

InL > 0 enables the creation of the spin accumulation in
n-Ge via the spin extraction from the p-Ge or localized
states (LS) in the p-n junction, as depicted in the right of
Fig. 3(b). The details are discussed in the next paragraph.

Due to the strong influence of the spin-orbit interac-
tion in the valence bands [1,63], it is generally difficult
to observe hole spin transport at room temperature. Sev-
eral reports on spin transport in p-Ge at room temperature
have been published, including three-terminal Hanle mea-
surements in lateral devices [64,65] or detection of spin
transport in vertical spin-valve structures [66,67]. Since the
present study uses an LSV device structure with a long spin
transport layer of n-Ge, the decrease in the spin-generation
efficiency due to the spin relaxation phenomena in p-Ge
can affect the total value of ARy in the LSV devices in
Inp > 0. Furthermore, the LS in the p-n junction can also
influence the spin transport and spin relaxation in the semi-
conductor devices, as previously argued in the literature
[68]. Therefore, the presence of the spin extraction from
the p-Ge or localized states in the p-# junction is a possible
mechanism of the creation of the small spin accumulation
in n-Ge in the present LSV devices in Iy, > 0.

We finally examine the spin-diffusion phenomena at
room temperature after the spin injection in Iy < 0.
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FIG. 4. The d dependence of | ARN| at room temperature for
LSV devices with Ge p-n junctions. The linear fit to the data
using Eq. (1) is represented as a dashed line. The inset shows a
representative nonlocal spin signal for the LSV withd = 2.0 pm
at room temperature.

Unlike the conventional spin injection and detection at the
CFAS/n*-Ge contact in our previous works [11,17,22,23],
the LSV devices in this study have the p-n junctions at
the contacts. As discussed in the previous paragraph, the
p-n junction at the spin-injection side acts effectively as
a tunnel barrier with BTBT. After the spin injection via
BTBT, the spins can transfer in the n-Ge layer, and then
reaches at the another p-Ge layer at the contact. Therefore,
we should consider the spin transport in the n-Ge and p-Ge
layers at room temperature. Figure 4 shows a d depen-
dence of ARyp at room temperature. Even for the LSV
devices with p-n junctions, clear d dependence with expo-
nentially decaying ARy is observed. The value of | ARN |
in LSV devices with sufficiently large contact resistance
can roughly be expressed by the equation [2,45-47],

A
|ARN| = PZ% exp (—d/2) , (1)

where P is the average of the spin-injection and detec-
tion efficiency, A, S (approximately 0.98 pwm?), and p
(approximately 3.5 m2 cm) are the spin-diffusion length,
the cross-section area, and the resistivity of the semicon-
ductor channel, respectively. The A value can be estimated
by fitting the decay of |ARnr|, as shown in the dashed
curve of Fig. 4. From these analyses, the X in the present
devices is estimated to be approximately 0.55 pm, roughly
consistent with A for n-Ge with a carrier concentration of
1.0 x 10'"® cm™3 [69]. Also, the value of P ~ 0.06 is also
obtained at room temperature. Here we roughly compare
the value of P (approximately 0.06) at room temperature
with those in other works. In the case of SC-based LSV
devices without insulator tunnel barriers and with Heusler
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alloys, there are some reports on higher values of P, 0.14
for CFAS/n-Ge, [18], 0.13 for Co,MnSi/n-Ge, [19] 0.24
for CFAS/n-GaN, [70]. For Co,FeSi/n-GaAs, however,
the value of P is less than 0.01 at 300 K [71]. Considering
these results, we judge that the spin injection and detection
via p-n junctions is relatively useful above room temper-
ature. Since LSV devices with p-n junctions have a rela-
tively high contact resistance (R4 ~ 2k pcm?) unfortu-
nately compared to those with Schottky tunnel junctions
(R4 < 1k pem?), it is a disadvantage with respect to the
two-terminal magnetoresistance effect [18,72]. The actual
value of the two-terminal magnetoresistance ratio at room
temperature was limited to approximately 0.002% (not
shown here), slightly larger than those in Ref. [72] but
one order of magnitude smaller than those in Ref. [18].
Due to it being out of scope to explore this in detail in
this paper, we will further explore the two-terminal mag-
netoresistance effect in the future. In addition to these, we
find that although there is an approximately 7-nm-thick
p-Ge relevant to the spin transport in the LSV devices,
its influence on the room-temperature spin transport is
weak. We understand that the thickness of the p-Ge layer
in the LSV devices is thinner than the room-temperature
spin-diffusion length of p-Ge(8.4 nm ~ 30 nm) reported
[63,67]. On the basis of the above experiments, we evi-
dently see that spin-injection condition (Iyp < 0) and a
thin p-Ge layer at the p-n junction can be used for room-
temperature spin transport in a device for spin-based tunnel
field-effect transistors.

In summary, to integrate spintronic technologies into a
tunnel field-effect transistor, we have explored electrical
spin injection, transport, and detection at room temper-
ature through BTBT at a semiconductor p-n junction.
We experimentally observed pure spin-current transport
through BTBT at p-n junctions using n-Ge based lateral
spin-valve devices even at room temperature. Asymmetric
bias-current dependence of the spin signals was evidently
found, originating from the spin injection via BTBT or
the spin extraction via LS at p-n junctions. Notably, even
for the use of a thin p-type semiconductor at the spin
injector and detector, we found clear spin-transport prop-
erties at room temperature. This study will open a path
for the room-temperature operation of a spin-based tunnel
field-effect transistor with a p-» junction.
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