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ABSTRACT

An increasing magnetic field perpendicular to an undoped semiconductor surface at low temperature is known to strengthen the binding of
localized electrons to stationary ions, as the wavefunction’s tails evolve from exponential to Gaussian. It is also known that application of a
high bias voltage to a depleted semiconductor can liberate bound charge and induce a large drop in electrical resistance. We connect these
established results to experimental electrical transport measurements on off-state germanium Schottky-barrier metal–oxide–semiconductor
field-effect transistor (MOSFETs) with an aluminum oxide insulating dielectric and platinum germanide contacts. We make measurements at
the three distinct orientations of the magnetic field with respect to the substrate and the current. At 6 K, we observe sharp attenuation of cur-
rent by more than 2 orders of magnitude, within 60mT, at a crossover magnetic field perpendicular to the substrate. A 1 T magnetic field
attenuates the current by more than 4 orders of magnitude. The strength of the attenuation and the value of the crossover field are controlled
by both the gate–source and drain–source voltages. The attenuation is much weaker when the magnetic field is parallel to the current.
Finally, we orient the magnetic field parallel to the substrate, but perpendicular to the current, allowing us to distinguish charge hopping at
the oxide interface from charge hopping in the bulk. This large off-state magnetoresistance can be exploited for cryogenic magnetic- and
photo-detection, and for high-bias, low-leakage MOSFETs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0245683

In an off-state p-type metal–oxide–semiconductor field-effect
transistor (MOSFET), with no extended Bloch states, the drain–source
current, IDS, due to an applied drain–source voltage, VDS, is from hole
hopping between localized traps, often concentrated at the semicon-
ductor–oxide interface. A magnetic field perpendicular to the plane of
the substrate increases the binding energy of the carriers in their traps.
Jouault showed that the carrier binding energy of magnetodonor in
GaAs approximately doubles from 0T to 10T.1 An increasing perpen-
dicular magnetic field causes the holes to be more tightly bound, and
the variational wave function shifts from exponential tails to Gaussian
tails. This reduces the overlap between neighboring trap sites and sup-
presses IDS. More detail is given in the supplementary material. Sladek
has described theoretically how a magnetic field can increase the donor
ionization energy and reduce the wavefunction overlap between donor
sites, with experimental confirmation in n-doped indium antimonide
(nInSb) at low temperature.2 Others have noted a similar cause for
large magnetoresistance in doped silicon covered with a thin native

oxide, ascribing the non-linear current–voltage characteristics to
impact ionization, abetted by the presence of a Schottky barrier and
thin oxide dielectric. The high electric field at the barrier imparts more
kinetic energy to the carriers that get across, increasing the probability
of impact ionization. Experimentally, the magnetoresistance in Si–
SiO2–Al structures is stronger when there is an oxide tunneling barrier
or a Schottky barrier, than when there are low resistance contacts. A
kinetic model, in which the impact ionization coefficient decreases
exponentially with the binding energy, agrees qualitatively with the
data.3,4

The magnetic field can delay the onset of avalanche breakdown
in Schottky diodes.5 The suppression is more effective when the field is
perpendicular to the plane of the substrate than when it is parallel.6 In
Mn/SiO2/p-Si, the dc and ac resistance changes by 106 with a 200mT
change in magnetic field.7 A number of authors have investigated mag-
netoresistance in germanium (Ge).8–13 He investigated an Ag–pGe–Ag
two-terminal device at temperatures from 300K down to 77K, with a
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sourced current as the independent variable, and found a negative dif-
ferential resistance at high currents.14 An increasing magnetic field
shifted the onset of negative magnetoresistance to higher currents.
Similarly, Chen reports that the increasing magnetic field pushes the
breakdown voltage to higher values, for In–Ge–In.15 Most of these
studies treat two-terminal devices, meaning that while more than two
contacts may be used for 4-point or Hall diagnostic measurements, the
device has one independent electrical source connected across two
terminals. In this work, we extend these previous works to a three-
terminal device: a Ge MOSFET. The presence of the additional electri-
cal contact, the gate, allows us to turn the magnetoresistance on
and off.

We will show that at a high enough VDS, denoted “Vcross,” IDS
increases abruptly, by orders of magnitude. This is associated with a
discontinuous change in voltage across the reverse-biased Schottky
barrier, but not the forward-biased Schottky barrier, as seen by 4-point
measurements. The discontinuous jump in current may be indicative
of impact ionization. As the magnetic field increases, Vcross increases,
because it takes more energy to liberate the electron from its B-field
deepened trap. There are no discontinuous jumps in the on-state,
because the conduction is by delocalized carriers, rather than by hop-
ping. When the B-field is in-plane and perpendicular to the current,
the impact ionization occurs only when the holes are deflected into the
oxide, lending evidence to the theory that we have hopping between
defects at the oxide interface. When the B-field is in-plane and parallel
to the current, there is no abrupt jump in current. The small but finite
magnetoresistance in this geometry may be due partially to perpendic-
ular components of the B-field due to sample misalignment.

The device was fabricated by standard photolithography.
Electrical contacts were formed by depositing platinum on the nomi-
nally undoped germanium substrate and thermally annealing to form
platinum germanide. The insulating gate oxide layer is aluminum
oxide.16 A color-coded cross-sectional illustration of the Hall bar used
in our transport experiments is shown in Fig. 1(a), and an optical
microscope image is shown in Fig. 1(b). The channel is 800lm long
and 40lm wide. A schematic cross section of the layers is shown in
Fig. 1(c). To perform electrical characterization, the device is wire
bonded to a printed circuit board and measured in a variable-
temperature system with a base temperature of 6K. DC gate–source
and drain–source voltages are supplied by Keithley 2400 source-
measure units. The magnetic field, B, is swept in a cycle, starting and
ending at 0 Tesla (T). Explicitly, we sweep B from 0 to �1T, then �1
to 1T, and finally 1 to 0T. The device characteristics, in the absence of
magnetic field, were reported earlier.16 The threshold gate voltage is
�1.6V. As the gate voltage gets more negative, the drain–source cur-
rent increases, indicative of a pMOSFET.

The temperature dependence of the drain–source current, IDS, is
shown in Fig. 2. With no magnetic field, during cooling, the current
increases from 16lA at 300K to 186lA at 40K, due to reduced pho-
non scattering. Below 40K, the current starts decreasing due to free
carrier freeze out, dropping to 3 nA at 6K. At this temperature and
small drain–source bias, the conduction is by variable range hopping.
A magnetic field perpendicular to the substrate is more effective at
suppressing current than a magnetic field parallel to the substrate and
current.

The orientation of the current and the magnetic field with refer-
ence to the device, when the field is perpendicular to the substrate, is

shown in Fig. 3(a). In Fig. 3(b), the p-type transistor is on, with the
gate voltage, VGS, set to �10V. For drain voltage magnitudes less than
0.5V, the magnetoresistance is slight. It becomes noticeable at 0.6V.
At VDS¼�1.4V, the current attenuates by a factor of 400 as B is swept
from 0T to �1T. Near �0.75T, there is a jump by a factor of 10. The
attenuation probably continues beyond jBj ¼ 1T, but higher fields
were not explored in this study. In Fig. 3(c), the p-type transistor is off,
with the gate voltage, VGS, set to þ10V. For jVDSj < 1V, the current
attenuates smoothly with increasing magnitude of magnetic field. For
jVDSj � 1V, there is an abrupt jump at a crossover value of the mag-
netic field, Bcross. For VDS¼�1.8V and VGS¼þ10V [Fig. 3(c)],

FIG. 1. (a) Sample cross section, with labeled drain (D), gate (G), and source (S).
(b) Optical microscope image of the transistor, identifying the gate, source, drain,
and Hall contacts 1–4. Black scale bar is 200 lm. All pads except for the gate elec-
trically contact Ge–Pt, which lies on top of the germanium substrate. Hidden in this
top view, the gate and Ge–Pt are electrically isolated by the aluminum oxide layer,
as sketched in cross section in (a). (c) Cross-sectional schematic with layer thick-
nesses from top metal down to the substrate, not to scale.

FIG. 2. Current vs temperature for no magnetic field, 1 T magnetic field parallel to
current and substrate, and 1 T magnetic field perpendicular to current and substrate.
Gate–source voltage is 0, and drain–source voltage is �50mV. At 6 K, the current
is 25 times lower with a 1 T perpendicular field than with no magnetic field.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 126, 092104 (2025); doi: 10.1063/5.0245683 126, 092104-2

Published under an exclusive license by AIP Publishing

 02 April 2025 18:18:50

pubs.aip.org/aip/apl


Bcross ��0.75T. Here, the current attenuates by a factor of 600 within
a 60mT change in magnetic field. Between 0 and �1T, the current
attenuates by a factor of 23000. The striking contrast between magne-
toresistance in the on-state vs the off-state is due to the difference in
the conduction mechanism. In the on-state, there is a two-dimensional
hole gas (2DHG), with delocalized Bloch wavefunctions. In the
off-state, there is variable range hopping between impurities,
defects, and/or interface traps. The estimated trap density is
7.0� 1012/cm2 V.16 The hopping matrix elements vary strongly with
magnetic fields less than 1T, while the metallic conduction in the on-
state varies weakly. The noticeable on-state magnetoresistance at high
drain–source bias proves that there is a contribution to conduction
from hopping, in both the on-state and the off-state. At low drain–
drain source bias, hopping conduction is noticeable only in the off-

state. Figures 3(d)–3(f) have the same set of gate voltages as (a)–(c),
but now the magnetic field is parallel to the current, and the attenua-
tion is more modest. Classically, a static magnetic field parallel to
the velocity of a charged particle has no effect. Zawadzki’s quan-
tum theoretical calculation shows that a magnetic field does
localize the charge in the direction parallel to the field, although
not as severely as the localization in the plane perpendicular to
the field.17 This is consistent with Fig. 3, in which the magnetic
field suppresses current more effectively when it is perpendicular
to the plane of transport.

Figure 4(a) shows the response of the current to the drain voltage,
with the magnetic field set to �0.3T. Near VDS¼ 1.08V, the current
jumps more than 100-fold within a voltage change of 2mV. For this
fixed magnetic field, we designate this value of VDS as the crossover

FIG. 3. Current vs magnetic field. Gate voltage is held constant in each figure. Drain voltage is stepped from �0.2 V to �2 V, in increments of �0.2 V. (a)–(c) B-field is perpen-
dicular to substrate and to current. (d)–(f) B-field is parallel to current.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 126, 092104 (2025); doi: 10.1063/5.0245683 126, 092104-3

Published under an exclusive license by AIP Publishing

 02 April 2025 18:18:50

pubs.aip.org/aip/apl


voltage, Vcross¼ 1.08V. The curve is broadly symmetric with respect
to the sign of B. The deviations from perfect symmetry near 6Vcross

are due to finite sampling of a continuously swept magnetic field, and
also to the chaotic nature of the crossover to impact ionization and
avalanche breakdown. The series of curves in Fig. 4(b) demonstrate
that jVcrossj increases with jBj. A higher voltage is required for impact
ionization when the binding of the hopping charge to its impurity/
defect site strengthens.

To identify the region where the impact ionization starts, we mea-
sure the voltage drops across individual segments along the Hall bar:
VS2, V21, and V1D [Figs. 1(b) and 5(c)]. In Figs. 5(a) and 5(d), we show
the three voltage drops along the channel as a function of B, at
VGS¼þ10V. At the relatively small jVDSj of 0.3V, there is no cross-
over. However, in Fig. 5(d), at large jVDSj ¼ 1.8V, there is a crossover
at Bcross � �0.78T. Significantly, the jump in current [Fig. 5(e)] coin-
cides with a jump in voltage across the reverse-biased Schottky

FIG. 4. (a) Discontinuous jump in current as a function of drain voltage, with perpendicular magnetic field fixed at �0.3 T. (b) Succession of curves like the one in (a), for dis-
crete values of magnetic field.

FIG. 5. Four-wire measurements across three separate segments. VGS¼þ10 V and B-field is perpendicular to the substrate. (a) and (b) VDS¼�0.3 V. (d) and (e)
VDS¼�1.8 V. (c) IDs of four contacts that determine the three voltage drops.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 126, 092104 (2025); doi: 10.1063/5.0245683 126, 092104-4

Published under an exclusive license by AIP Publishing

 02 April 2025 18:18:50

pubs.aip.org/aip/apl


junction, VS2, but not the forward-biased Schottky junction. At
B¼�1T < �jBcrossj, the holes are tightly bound to their centers of
attraction, and the current IDS is small. As B becomes less negative, the
binding weakens, until impact ionization suddenly occurs at
Bcross¼�0.78T. When the magnetic field is just slightly more positive
than �0.78T, the current increases sharply, and the voltage drop
across the channel is reduced. That means that the resistance in the
channel, which has no Schottky contacts, decreases. The major resis-
tance is at the reverse-biased Schottky barrier near the source. This can
be seen as jV2Sj jumping from 0.5 to 1.25V. As B increases from just
above�jBcrossj to 0, the current roughly doubles. It falls in a symmetric
fashion as B is increased to just below jBcrossj, and then drops sharply
as jBcrossj is passed.

In Fig. 6, in the off-state, the magnetic field is oriented parallel to
the substrate, but perpendicular to the current. Unlike the other two
orientations shown in Fig. 3, now the sign of the magnetic field mat-
ters. In Figs. 6(a) and 6(b), the holes are deflected toward the oxide for
positive B. At intermediate values of VDS, one sees abrupt jumps in
current near the crossover field, indicating avalanche from impact ion-
ization at the oxide interface. However, for negative B, the magneto-
resistance is a much smoother function of B. In this case, the holes are
deflected into the bulk Ge substrate. This implies less impact ionization
of trap states when the current travels through bulk Ge than when it
travels along the oxide interface. When the sign of the drain–source
voltages is reversed, as in Figs. 6(c) and 6(d), the curves are (qualita-
tively) reflected about the horizontal B-axis. This is consistent with the
hypothesis of greater impact ionization in the oxide than in the bulk

Ge, because now a positive B-field deflects carriers into the bulk and a
negative B-field deflects carriers into the oxide. The density of traps,
impurities, and defects is higher at the oxide interface than in the bulk
Ge. Similarly, the density of hopping sites is higher near the interface.
This is why for intermediate values of the drain–source voltage, jVDSj
� 1 V, and for jBj < Bcross, the current is lower when charge is
deflected into the bulk than when it is deflected into the oxide. In the
off-state, charge cannot hop as easily in the bulk as it can at the oxide
interface. If the defect density increases, then there will be greater
wavefunction overlap between one localized charge and its closest
neighbor. The off-state current will be higher than in a sample with
low defect density. To stop an avalanche, one would need a higher
magnetic field. On the other hand, the higher defect density would
reduce the mobility in the on-state.

We will briefly list three possible applications of the magnetore-
sistive behavior that we have observed: (1) suppression of dark current
in a phototransistor, (2) suppression of MOSFET off-state drain–
source leakage current, and (3) magnetic field detection.

To reduce the dark current in a phototransistor with high voltage
bias, it is reasonable to orient the magnetic field parallel to the sub-
strate, but perpendicular to the current. The incident light would shine
on an area of Ge covered by oxide, as illustrated in Fig. 7. At the
periphery would be two rectangular magnetic thin films, with the B-
field parallel to the substrate and perpendicular to the source–drain
axis. The planar B-field would point from one magnetic rectangle to
the other, passing through the central, light-accessible region of oxide-
covered Ge. The use of magnetization parallel to the plane would

FIG. 6. Current vs magnetic field. Gate voltage is þ10 V. Magnetic field is parallel to substrate and perpendicular to current, so that charges are deflected perpendicular to sub-
strate. (a) and (b) Drain voltage is stepped from þ0.2 V to þ2 V, in increments of þ0.2 V, so that positive B deflects holes into the oxide. (c) and (d) Drain voltage is stepped
from �0.2 V to �2 V, in increments of �0.2 V, opposite in sign to (a), so that positive B deflects holes into the Ge substrate.
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simplify device fabrication, with metallization only at the topside of
the substrate. In the case of magnetization perpendicular to the plane,
the magnetic thin film would have to project its field from the backside
of the substrate, to avoid blocking the light shining on the topside. In
analogy with Fig. 3(b), under illumination, the current would increase
by orders of magnitude and have only a weak dependence on magnetic
field. In the dark, the holes get deflected into the bulk Ge (into the
page in Fig. 7), where magnetic field-induced suppression of hopping
is most effective.

In the same way that magnetic thin films suppress unwanted
dark current in a phototransistor, they would also suppress the
unwanted off-state current in a MOSFET. In this case, the magnetic
film could be co-planar with the gate metal, since one does not have to
worry about blocking light, as in the case of the phototransistor. As
seen in Fig. 3(b), there is little penalty of reduction of on-state current,
for the lowest source–drain voltages, only the benefit of reduced leak-
age in the off-state. For the highest drain–source voltages, there is a
penalty reduction in on-state current, but the benefit reduction in off-
state current is orders of magnitude more. Furthermore, one might
optimize the large source–drain bias on/off current ratio by eliminat-
ing current paths outside the gate area. The device could be diced to
the same width of the lateral dimension. More practically, deeply
etched trenches could encircle the device. While current could conceiv-
ably flow under the trenches, the amount would be negligible com-
pared with the hopping current flowing at the contiguous oxide
interface without etched trenches. This would decrease the off-state
current, since parallel leakage paths would be blocked, and all leaking
holes would be forced to flow under the repulsive positively biased
gate.

The phenomena described in this paper could also be exploited
to make a cryogenic magnetic field sensor, as others have noted for the
case of two-terminal devices. With just one off-state MOSFET, and a
scan of the drain–source voltage, one could calibrate the current
response for a collection of fixed magnetic fields. One would then have

a lookup table to determine the strength of an unknown magnetic
field. With a collection of identical MOSFETs, one could apply a differ-
ent drain–source voltage to each one and have a kind of Geiger-mode
detector, in which the unknown magnetic field is determined to lie
between the two closely spaced crossover fields of two closely spaced
bias voltages. Another option is a bank of non-identical MOSFETs, each
with a different channel length and thus a different magnetic field
response. Once the coarse estimate of the crossover voltage is deter-
mined from the Geiger-mode step, the same voltage would be applied in
parallel to the MOSFET bank, to refine the estimate of the magnetic
field. The response of the MOSFET to the magnetic field changes only
slightly, whether the gate voltage is 0 or þ10V. Thus, the MOSFETs
could be replaced by two-terminal devices, with a floating gate, reducing
the amount of external control hardware, and associated interconnects.

In summary, we have observed strong magnetoresistive behavior
in germanium with platinum germanide contacts and demonstrated
that the degree of magnetoresistance can be controlled by both the
drain voltage and the gate voltage. By repeating the measurements in
three orthogonal orientations of the magnetic field vector with respect
to the electric current direction and the plane of the substrate, we have
elucidated the role of the oxide interface in hopping conduction and
impact ionization. The observed behavior is consistent with earlier the-
ories of magnetic field-induced charge localization in depleted semi-
conductors, in conjunction with the phenomenon of impact
ionization. Applications include low-leakage MOSFETs, phototransis-
tors, and magnetic sensors. One geometric orientation, in which the
in-plane magnetization of a thin film is oriented perpendicular to the
direction of current flow, is particularly useful for phototransistors.

See the supplementary material for a theoretical framework that
others have used to calculate binding energies of donors inside a semi-
conductor under a magnetic field.17
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