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We demonstrate room-temperature negative differential resistance (NDR) and unsaturated magnetoresistance (MR)
effects in germanium-based devices. Our findings indicate that the observed NDR primarily originates from the carrier
injection effect induced by local impact ionization in germanium. As the magnetic field increases, the MR values exhibit an
unsaturated behavior, increasing quadratically at low fields and transitioning to a linear increase at higher fields, reaching
approximately 91% at 1 T. We attribute this large unsaturated MR to carrier inhomogeneity. The equivalent Hall electric
field strength was used to characterize the degree of carrier inhomogeneity under magnetic fields: a larger equivalent Hall
electric field strength indicates stronger carrier inhomogeneity and consequently a larger corresponding MR. The coexis-
tence of excellent room-temperature NDR and large unsaturated MR in germanium-based devices (achieved by constructing
electrodes at two edge positions on the semiconductor surface) enables the development of multifunctional devices.
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PACS: 75.47.—m, 85.30.—z, 83.60.Np
DOI: 10.1088/1674-1056/adfdc3

1. Introduction

The negative differential resistance (NDR) effect has sig-
nificant applications in electronic amplifiers, oscillators, mem-
ories and logic functions, among others. Currently, NDR has
been observed in a large number of materials and their corre-
sponding devices, such as Ge, =111 51127151 434 NbO,.[16:17]
Among these, NDR in Ge-based devices arises from either
the effect of the heterojunction interface or from the intrinsic
bulk material properties. Apart from research on amorphous
Ge at room temperature, [51 observations of bulk NDR in Ge-
based devices have primarily been reported in low-temperature
environments. Indeed, investigations into its regulation have
shown that an enhancement of the NDR effect is observed un-
der external magnetic fields.!10-13)

Magnetoresistance (MR) devices have been widely ap-
plied in information storage, magnetic sensing and other
fields.

MR based on magnetic materials, researchers have also fo-

In addition to giant MR, tunnel MR and colossal

cused considerable attention on the MR effect in devices based
on non-magnetic materials, such as Ge,[lo’“’lg‘zg] Si, [29-36]
GaAs,37381 WTe,, 3] silver chalcogenides,*®! and so on.
Among these, the MR research on Ge-based devices at room
temperature has theoretical and applied significance. How-
ever, the physical mechanisms underlying MR effects are di-
verse, including the carrier inhomogeneity model caused by

space charge effects,[?%! the diode-assisted geometric enhance-

fCorresponding author. E-mail: hexiong @ctgu.edu.cn
fCorresponding author. E-mail: Ipan@ctgu.edu.cn

CSTR: 32038.14.CPB.adfdc3

ment model,?%) the carrier recombination model based on lo-
cal impact ionization in the space-charge region,!'®! the depen-
dence of measured positive and negative MR values on the dis-
tance of the voltage probe arising from the trapezoidal distri-
bution of space-charge regions,!?*! the rectification MR[?1-23]
and so forth. Further research on the intrinsic physical mech-
anism governing the MR effect in Ge-based devices at room
temperature may be beneficial for advancing its practical ap-
plication.

Recently, He et al.!'? reported the simultaneous obser-
vation of NDR and unsaturated MR effects in an In/SiO,/p-
Si/Si0,/In heterojunction device below 25 K. Nevertheless,
within the NDR conductive region, the MR values tended to
saturate. In addition, in an Ag/p-Ge:Ga/Ag device, the coex-
istence of NDR and unsaturated MR was observed, and the
evolution of NDR with different magnetic field strengths was
systematically studied.!'”) However, the internal mechanism
and co-regulation method of the coexistence of NDR and un-
saturated MR in Ge-based devices still need to be further ex-
plored.

In this paper, In/p-Ge:Ga/In devices are fabricated and the
coexistence of room-temperature NDR and unsaturated MR
in the devices is discovered. Through a systematic compara-
tive analysis of the equivalent Hall effect corresponding to dif-
ferent measurement methods and different devices, this work
reveals the formation mechanism of the NDR effect and the
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methods regulating its coexistence with large unsaturated MR,
establishing an approach to achieve superior NDR and MR
performance in Ge-based devices.

2. Experimental details

A single polished p-Ge:Ga crystal wafer (with room-
temperature resistivity p of 10-30 Q-cm and a thickness of
500 wm) was used. The wafer was cut into rectangular shapes
of about 11.9 mmx4.0 mm (called a longer sample) and
3.4 mmx3.0 mm (called a shorter sample) for electric trans-
port measurements, and § mmx8 mm for van der Pauw mea-
surements. To investigate the influence of electrode distance
on the electrical transport properties, we selected the longer
sample and soldered four In electrodes (labeled 1-4) on the
polished surface; thus a longer In/p-Ge:Ga/In device was ob-
tained. The schematic diagram of the longer device is shown
in Fig. 1(a). The average spacing between electrodes is L;;
(i, j = 1-4), where L4z ~ 8.88 mm, Lsp ~ 5.18 mm, L4 =
2.15 mm and Lj; =~ 1.85 mm. For the shorter samples, one
was applied to fabricate a shorter In/p-Ge:Ga/In device with In
electrodes on the edge of the polished surface (see Fig. 1(b)).
The other was used to apply In electrodes on both sides of
the sample (see Fig. 1(c)). We labeled these as devices NUO#
and UO#, respectively. The electrical transport characteris-
tics, namely the V—I and R-B characteristics, were obtained
using the two-probe method with a current source (Keithley
622X) and a voltmeter (Keithley 2182A). After completing
measurement of the V—I characteristic curve under each con-
stant magnetic field, a brief waiting period to mitigate possible
thermal effects was allowed. The variable temperature mea-
surement was completed in a commercial low-temperature and
low-magnetic-field electrical transport measurement (LTLM)
system, which can control the device at a constant tempera-
ture so we can ignore the temperature changes that may oc-
cur during the measurement. The measured voltages between
electrodes of the longer device are denoted as V;;. The carrier
density (p) and mobility (i) of the p-Ge:Ga were approx-
imately 2.6 x 10" cm™ and 2 x 10°> cm?-V~!.s7!, respec-
tively, as measured by the van der Pauw method. Opposite
magnetic fields (labeled as By and B_) were parallel to the
sample surface and perpendicular to the direction toward the
two electrodes (see Figs. 1(a)-1(c)).

3. Results and discussion

As shown in Fig. 1(d), we find that the VI characteristics
are straight lines passing through the origin, suggesting that
the contact between In and p-Ge:Ga is ohmic. Figure 1(e) and
1(f) present the V43— characteristics under different magnetic
fields. The details of the V43—I characteristics are presented
in the supplementary material (Figs. S1(al)-S1(a4)). At small

applied currents, the V43I characteristics for both magnetic
field directions exhibit the expected symmetry relative to the
Va3—I characteristics at zero magnetic field (see Figs. 1(e),
S1(al) and S1(a2)). However, as shown in Figs. 1(f), S1(a3)
and S1(a4), at large applied current this symmetry disappears.
Meanwhile, the measured voltage increases with increasing
magnetic field in the direction of B, while it decreases with
increasing magnetic field in the direction of B_. This indi-
cates that positive and negative MR are observed in the By
and B_ directions, respectively. The MR is defined as MR =
[R(B) — R(0)] x 100%/R(0) = [V(B) — V(0)] x 100%/V (0),
where R(B) and R(0) are the resistances of the device under an
applied magnetic field and zero magnetic field, respectively.
V(B) and V(0) are the measured voltages with and without an
applied magnetic field, respectively. Similarly, these kinds of
symmetry, asymmetry and negative MR are also observed in
the V41— characteristics in the direction of By and B_ (see
Figs. S1(b1)-S1(b4) in the supplementary material).
According to previous work,[!8! the asymmetry may be
related to surface imperfections on the sample, but the mea-
surement of negative MR was not observed. Furthermore, al-
though distinct defects on the upper and lower surfaces of the
device modify the carrier recombination rate!'3! they are un-
likely to induce equivalent charge accumulation analogous to

[28] As are-

that suppressed under pulsed high magnetic fields.
sult, the negative MR effect is significantly alleviated. Thus,
this surface imperfection is not the main reason for the neg-
ative MR observed in our work, even though we use a sim-

ilar single polished device. Compared with previously re-

ported similar device structures,'®!

we employ a relatively
lower magnetic field range and utilize a current source in-
stead of a voltage source. The choice of power source signifi-
cantly affects transport properties, particularly the formation
of NDR effects.!!'%*!l The measured negative MR reported
by Cheng et al.”*! was regulated by the distance of the volt-
meter probe due to the trapezoidal distribution of the space-
charge region. However, since we employed the two-probe
method to measure the MR properties, this voltmeter probe

(241 s not

distance-dependent effect reported by Cheng et al.
present in our work. Considering the raw MR data, which
might be mixed with the Hall effect and lead to the asymme-
try of MR, the asymmetry and measured negative MR in our
work might be also related to Hall effect. In order to ana-
lyze the influence of the Hall effect on the electrical transport
properties of the device, we selected positions M and N for
schematic illustration of the current direction (see Figs. 1(g)—
1(1)). Here, the In electrodes were positioned on the polished
surface. A significant accumulation of holes and electrons was
observed at points M and N. The current in the y direction is
not considered since it is parallel to the magnetic field. When
B =0 T, if the angle between the current / and the z direc-
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tion is O, then I, = [ -cos 0. After applying a positive mag-
netic field B, the electrons or holes will be deflected by an
angle y (i.e., the Hall angle), and then o = 6 — y. The di-
rections of Hall voltage corresponding to positions M and N
are the same, so the Hall voltage corresponding to I, under
magnetic field B, is Vi = (RyB/d) -1, = 2(RuB/d) - I - cos «,
where Ry is the Hall coefficient of Ge and d is the length of
the sample along the direction of the magnetic field. Then,
the direction of the voltage corresponding to MR (labeled as
VR) is the same as that of Vi, so the measured voltage V(B )
can be expressed as V(By) = VR + Vg = Vr+ 2(RyB/d)I-
cos. Similarly, under the condition of B_, B = 6 + 7y and
V(B-) = Vx —2(RuB/d) - I - cos 3. Obviously, the values of
V(B4) and V(B_) are different when B # 0 T, resulting in
asymmetry of the VI characteristics with respect to zero mag-

netic field, especially in the large current range. Meanwhile,
under the B_ magnetic field condition, the value of V (B_) may
be smaller than V (0). Thus, measured negative MR can be ob-
served. In device UO#, part of the In electrode remains on the
surface of the device during the soldering process. This creates
an additional current component 7, producing a similar influ-
ence of the Hall effect. Therefore, in the following research in
this work we applied the formula Veyen = (V(B4) +V(B-))/2
to eliminate the influence of the Hall effect. Meanwhile, the
formula Viy(B) = (V(B4) — V(B-))/2 was used to obtain the
Hall voltage V41(B) under magnetic field B. Considering that
this method is not a conventional method for obtaining the Hall
effect, we label the Hall effect obtained by this method as the

‘equivalent Hall effect’.
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Fig. 1. Schematic measurement diagrams, measurement results of electrical transport properties before eliminating the Hall effect and schematic
diagrams of the current direction in the device. (a) Schematic measurement diagram between the fourth and third electrodes of the longer In/p-Ge:Ga/In
device. (b), (c) Schematic measurement diagrams of the two shorter (NUO# and UO#) In/p-Ge:Ga/In devices, respectively. (d) The V—I characteristics
of the longer device measured between electrodes i and j at zero field. (e), (f) The VI characteristics of the longer device measured between the fourth
and third electrodes in different current ranges under different magnetic fields at By and B_ directions, respectively. (g)—(i) Schematic diagrams of the
current directions at zero field, By and B_ magnetic fields at positions M near the anode and N near the cathode, respectively.

Figures 2(al) and 2(bl) show the V-I characteristics of
the longer device measured between electrodes i and j at zero
field. When the currents are in the ranges of about 0—10 mA
and 0-5 mA, respectively, the measured voltage increases lin-
early with increase in the applied current, presenting ohmic
characteristics. We define these current ranges as ohmic re-
gions. As the current increases further, the measured voltage
exhibits a non-linear behavior. Before the voltage reaches the
peak value (denoted as Vpeax), the relationship between I and V
is not an ideal quadratic relationship, indicating that the elec-

trical transport characteristics may not be simply controlled
by the space-charge effect. Even though the breakdown field
in bulk Ge is as high as about 10° V-cm™!,[#?! the non-uniform
distribution of electric field lines means that the electric field
strength near the electrodes is sufficient to trigger local impact
ionization.[!%1 Therefore, this non-linear region corresponds
to the coexistence of the space-charge effect and local im-
pact ionization. We define this current region as the space-
charge effect and local impact ionization coexistence region.
As shown in Fig. 2(al), as the current continues to increase,
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the measured voltage gradually decreases, showing a NDR ef-
fect. The value of Vieak/Vioo ma is about 1.14. Compared
with the Vi3—/ characteristics obtained at a larger electrode
distance, the Vpeak/Vioo ma value (only about 1.003) is signif-
icantly smaller at smaller electrode distances (see Figs. 2(al)
and 2(bl)), indicating that by adjusting the electrode distance
on the same surface, the room-temperature NDR effect of Ge-
based devices can be regulated. Figures 2(c1) and 2(d1) show
the V—I characteristics of devices NUO# and UO#, respectively,
at zero field. The NDR effect can be found in device NUO#
(Vpeax /Vi0o ma = 1.08) but it cannot be observed in device UO#
(Vpeak /Vioo ma = 1). This indicates that Joule heating may be
not the main physical mechanism for NDR since the geometric
size of the two shorter devices is about the same. In addition,
the temperature dependence of NDR obtained in the LTLM
system (see Fig. S2 in the supplementary material) is simi-
lar to that reported in the literature,!” i.e., Vjes, and its cor-
responding threshold current increases with decrease in tem-
perature, demonstrating that Joule heating is indeed not the
primary cause of NDR formation. Since the measurement is
completed in a vacuum environment, the effect of humidity on
the formation of NDR can also be ignored. [10-43]

The V—I characteristics under different magnetic fields
are shown in Figs. 2(a2), 2(b2), 2(c2) and 2(d2). More details

on the VI characteristics are presented in the supplementary
material (Figs. S3(al), S3(b1), S3(cl) and S3(d1)). The val-
ues of Vjeqx increase with increasing applied magnetic field
(see Figs. 2(a2), 2(b2) and 2(c2)). Meanwhile, the values of
Vpeak/V100 ma also increase with increasing magnetic field. In
addition, in device UO#, NDR only occurs when B > 0.5 T, and
the ratio Vpeak /Vi0o ma increases with magnetic field strength
(see Fig. 2(d2)). These results suggest that the NDR effect is
significantly enhanced by an applied magnetic field.

Figures 2(a3), 2(b3), 2(c3) and 2(d3) illustrate the differ-
ent distribution characteristics of electric field lines. Firstly,
when the In electrodes are on the edge of the sample surface,
the electric field lines are distributed non-uniformly and re-
stricted by the edge of the device. Furthermore, for the fourth
and first electrodes, the electric field lines remain non-uniform,
but their confinement by the edges of the device is relatively
weaker. Finally, in device UO# the electric field lines are al-
most uniformly distributed. Non-uniform distribution of elec-
tric field lines in the devices is conducive to the formation of
a large local electric field strength, resulting in the occurrence
Therefore the NDR effect
occurs easily when the electrodes are distributed on the edge

of local impact ionization in Ge.

of the sample surface.
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Fig. 2. (al)—(a4), (b1)—(b4) The properties measured between fourth and third, and fourth and first electrodes of the longer device, respectively.
(c1)—(c4), (d1)—(d4) The properties of the shorter devices NUO# and UO#, respectively. (al), (bl), (c1), (d1) The V4;—I characteristics at
0 T. (a2), (b2), (c2), (d2) The VI characteristics after eliminating the Hall effect under different magnetic fields, with insets showing the
corresponding Vpeak /Vioo ma—B characteristics. The V- characteristics measured under 0.2-0.4 T and 0.6-0.9 T are shown in Figs. S3(al),
S3(bl), S3(c1) and S3(d1) in the supplementary material. (a3), (b3), (c3), (d3) Schematic diagrams of the distributions of electric field lines.
(a4), (b4), (c4), (d4) The knexcess—I characteristics under different magnetic fields.
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To further analyze the possible intrinsic physical mecha-
nism of NDR, we estimated the excess carrier density (7excess)-
Texcess Can be expressed as nexcess = Np — e = 1 /qRy. [44] q,np
and n, are the amount of charge, the hole density and the elec-
tron density, respectively. We still apply the position points
M and N as examples. According to the above analysis, the
equivalent Vi1 (B) is expressed as

V(By)~V(B.)
2

The values of equivalent Vi are positive at By (see
Figs. S3(a2), S3(b2), S3(c2) and S3(d2) in the supplemen-
tary material), indicating that the dominant charge carriers are

Vu(B) = =4(RyB/d)IcosBcosy. (1)

holes, which is consistent with the p-type Ge semiconductor
used. We can use Eq. (1) to substitute Ry into the equation
Nexcess = 1/qRy to obtain

s =4c0s0Ccosy———. 2
Nexcess €Os CosquH(B)d (2
If k is defined as k = zo5gaesy» then
BI
Knexcess = ————. 3
Nexcess Ve (B)d (3)

k is related to the Hall angle ¥, and tany = u,B, where 1, =
2 % 10° cm?- V157!, indicating that k is independent of the
applied current /. The kneyxcess—! characteristics are shown in
Figs. 2(a4), 2(b4), 2(c4) and 2(d4). We analyze NDR forma-
tion under a low magnetic field (similar to the zero-field case),
since the Lorentz force induces only weak carrier deflection
at such low fields. The value of knexcess initially decreases
with increasing current due to minority electron injection from

5.110:34.35.44] With further increase in the applied

the electrode
current, knexcess begins to rise. This indicates that local im-
pact ionization occurs and generates plenty of effective carri-
ers. This effective carrier injection effect is similar to that in

10.15451 Considering constant carrier mobility

previous works.|
at room temperature, the device resistance is inversely propor-
tional to knexcess. When the electrodes are distributed on the
edge of the sample, the increased amplitude of k7excess iS larger
(see Figs. 2(a4) and 2(c4)). knexcess increases slowly with in-
creasing the applied current of the longer device in the fourth
and first electrodes case and in device UO# (see Figs. 2(b4)
and 2(d4)). Since the increment of knexcess corresponds ex-
actly to the formation of NDR in the different devices, the
NDR effect in this work is mainly derived from the carrier
injection effect caused by local impact ionization in Ge. The
consistency between our conclusion and previous Hall mea-

surements results(!?]

confirms the validity of the ‘equivalent
Hall effect’ extraction approach proposed here. Based on the
above discussion, replacing the substrate with highly doped
p-Ge:Ga impedes the formation of a similar inhomogeneous

electric field distribution within the device. Consequently, this

prevents the triggering of localized impact ionization in Ge,
ultimately hindering formation of the NDR effect. Indeed, the
V—I characteristics of the highly doped samples (see Fig. S4)
exhibit no observable nonlinearity.

When B = 1 T, the value of kneyxcess iNnCreases more ob-
viously after reaching the minimum value, indicating that the
carrier injection effect is stronger. Thus, the NDR effect is
enhanced after applying a high enough magnetic field. Analy-
sis indicates that under an applied magnetic field, Lorentz de-
flection of carriers increases the probability of carrier—carrier
impact ionization, thereby enhancing carrier injection. There-
fore, the NDR effect can be enhanced by an applied magnetic
field.

Under constant-current conditions, with increasing mag-
netic field strength, the measured voltage gradually increases,
illustrating a positive MR. From the MR-/ characteristics (see
Fig. 3), we observe that MR increases first with increasing /.
When [ increases to the current corresponding to Vpear, MR
reaches a maximum. As the current continues to increase,
MR decreases. Through comparison of the MR, values we
mainly find the following three phenomena. Firstly, MRpyax
increases with decreasing electrode distance in the longer de-
vice. This indicates that when electrodes are on the same sur-
face of the sample, a relatively larger MR can be obtained with
a smaller electrode distance, which is similar to the results
reported previously.*’! Secondly, under the same geometric
size conditions, the difference in the electric field distribu-
tion at zero field formed by different electrode distributions
can induce a difference in MR. Finally, when the electrodes
are distributed on the edge of the sample surface, the geomet-
ric size of the samples has an influence on the MR. This is
similar to the MR properties of geometrically controlled non-
magnetic semiconductor-based devices reported in the previ-
ous literature. 2034461 Considering that there are differences
in the range of the conduction regions under different mag-
netic fields, we divide the three conductive regions, i.e., ohmic,
space-charge effect and coexistence of local impact ionization,
and NDR regions by the characteristics of the V—I character-
istics at 1 T. In the region of coexistence of space-charge and
local impact ionization, the values of MR are also significantly
larger. So, our results provide further evidence for the point
that MR effects based on the space-charge effect!>] or impact

47481 can be significantly enhanced. Further-

ionization effect!
more, the trends of the equivalent Hall electric field strength
Ew (Ex = Vi (B)/Lij) values with I are similar to those of MR
values with I (see Fig. 3).

As shown in Fig. 4, Epn,y) Is positively related to

MR ax- According to Eq. (3), we can obtain

_ BI 1
quij Knexcess’

“

H

indicating that the equivalent value of Ey is inversely pro-
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portional to that of knexcess under the same current condi-
37,49]

tions. According to previous results,! in non-magnetic
semiconductor-based devices with a lower intrinsic carrier
concentration, a larger MR can easily be obtained. Consistent
with expectations, we observe that in a certain measurement
case the trend of knexcess changing with [ is opposite to that
of MR varying with I (see Figs. 2(a4), 2(b4), 2(c4), 2(d4) and
3). In different measurement cases, it is difficult for us to find
the correlation between knexcess and MR since the values of
k are different from each other. For the longer device, where
the electrodes are on the same surface of the sample and the
electric field lines are restricted relatively weakly by the edge
of the device, it is easier to induce deflection of the electrons
and holes after applying the magnetic field. This indicates that
the change in carrier inhomogeneity distribution is stronger,

resulting in a larger MR. Therefore, MR (12)max > MR (41) max

40

30

MRu; (%)

20

10

L L L
0 20 40 60 80

MR (%)

Ey (V/cm)

T T T T T T
0 20 40 60 80
Applied current (mA)

> MR (42) max > MR(43)max- Among these, the largest MRmax
value is about 91% at 1 T, corresponding to the measurement
results between the first and second electrodes of the longer
device. The highest MRpax value is comparable to that of MR
in the In/Ge/In structured device, % and larger than the recti-
fication MR in the Al/Ge Schottky heterojunction device!>3! at
1 T. For the shorter NUO# and UO# devices there is a signifi-
cant difference in the distribution of electric field lines under
zero magnetic field. When a magnetic field is applied, the de-
gree of change in carrier inhomogeneity in device UO# is larger
than that of NUO#, resulting in MR (yo#)max > MR NU0#) max-
Based on the above analyses, the value of the equivalent £y
may be applied to characterize the degree of carrier inhomo-

geneity. Critically, as devices scale to micro/nano dimensions,
the correlation between MRmax and Ey(max) requires further
investigation.

EH(41) (V/Cll’l)

0 20 40 60 80
Applied current (mA)

Ey (V/cm)

T T T T T T T T T T T
0 20 40 60 80 100
Applied current (mA)

Fig. 3. Evolution of calculated MR and Ey of different devices with current. (a), (b) The calculated MR—I and Ey—I characteristics obtained in
fourth and third, and fourth and first electrodes cases of the longer device, respectively. (c), (d) The calculated MR-/ and Eg—/ characteristics

of the shorter devices NUO# and UO#, respectively.

9071 g1 °.-
300 K /,,/' °
% ,,"'
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!:d - : [* ]
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30 T T T T T
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Fig. 4. MRunax versus Epmay) corresponding to different measurement

cases and devices under 1 T at room temperature.
To analyze the behavior of MR, we present the calculated
MR-B characteristics in Figs. 5(a)-5(d). All the MR-B char-

acteristics are well fitted by the formula MR = (uyrB)? below
0.3 T, where LR relates to MR mobility. The value of tyr
is close to that of the carrier mobility measured by the van der
Pauw method. This normal quadratic dependence originates
from the deflection of the carrier trajectory under a magnetic
field.[*39311 When B > 0.3 T, the MR increases linearly with
increasing magnetic field. This quadratic and then linear re-
lationship has also been reported in other non-magnetic semi-
conductor material devices.?
the NDR conductive region (/ = 80 mA and 100 mA as exam-
ples), the MR is also unsaturated, indicating that coexistence
of NDR and unsaturated MR is realized.

To further study the influence of electrode position on the

I It is noteworthy that even in
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NDR and MR properties of the obtained device, we studied
the electrical transport properties of the longer device in the
case of electrode pairs 4—1 and 1-2. As expected, we can eas-
ily observe NDR in the V4p—I characteristics, and NDR can
only be found in the Vi1 curve under a higher magnetic field
(see Figs. S5(a) and S5(b)). Moreover, the NDR phenomenon
can also be enhanced with increase in the magnetic field. Not
only that, the trend of Ey with [ is also consistent with that of
MR with I (see Figs. S5(c) and S5(d)). MRy, and MRy, also
increase quadratically and then linearly with increasing mag-
netic field (see Figs. S5(e) and S5(f)). Considering the rela-
tively large MR observed for electrode pairs 1-2 of the longer
device, we measured the R—B characteristics in different con-
ductive regions at room temperature to study the MR proper-
ties (see Fig. 5(e)). Similarly, the R—B characteristics are sym-

metric by reversing the direction of the magnetic field in the
ohmic region, but become asymmetric characteristics when in-
duced by the Hall effect. After eliminating the influence of the
Hall effect on resistance, we obtain the corresponding calcu-
lated MR-B characteristics (see Fig. 5(f)). The smaller values
of MR in Fig. 5(f) compared with Fig. S5(f) originate from
differences in Joule heating. This occurs because a constant
current is applied throughout the R—B measurement process
while the current values for the V- measurement are obtained
from the V—I characteristics under each magnetic field.!'”! The
former more easily accumulates Joule heating. It can be seen
from Fig. 5(f) that, in the NDR region, the MR values increase
quadratically at first and then linearly with increasing mag-
netic field.

NUO# —*— 1 mA

—e—32 mA

—4—380 mA

(e) 400

().1' mA
1 mA
~ 300
E}, 50 mA
o 60 m
& 200+ |
90 mA
100 mA
100+
—1.0 1.0
(f) 80 100 mA — 90 mA
—— 60 mA —¥— 50 mA
¥, —— 40 mA —<20 mA
AGO_ Yx—*—1mA —+—0.1 mA
N
3
ot
=

B (T)

Fig. 5. The calculated MR properties of different devices at room temperature. (a), (b) The calculated MR—B characteristics obtained in fourth
and third, and fourth and first electrode cases for the longer devices, respectively. (c), (d) The calculated MR-B characteristics of the shorter

NUO# and UO# devices, respectively.

Table 1. MR and NDR properties of the longer devices with different electrode connection modes and the shorter devices (NUO# and UO#).

MR properties NDR properties
Device MR values in NDR
MR jnax ) Veak/V100ma at 0T Voear/Viooma at 1 T
region at 80 mA and 1 T

Electrode pair 4-3 40% 18% 1.1384 1.3438

Longer devices Electrode pair 4-2 53% 28% 1.0527 1.2433

Electrode pair 4-1 80% 45% 1.0030 1.1583

Electrode pair 1-2 91% 35% 1.0000 1.0749

. NUO# 47% 15% 1.0793 1.3156
Shorter devices

Uo# 74% 42% 1.0000 1.0688

From Table 1, it is evident that it is difficult to obtain
excellent NDR properties for electrode pairs 41 and 1-2 in
the longer device, as well as for device UO#. In these elec-
trode structures, the electric field distribution at at least one

electrode position does not experience significant edge restric-
tion, or the field mainly has a uniform electric field distri-
bution. Consequently, with devices based on these electrode
structures it will be relatively difficult to achieve simultane-
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ous coexistence of excellent NDR and unsaturated MR. For-
tunately, when the electrodes are positioned at both edges of
the sample surface (corresponding to electrode pair 4-3 in the
longer device and device NUO#), it is relatively easy to achieve
coexistence of excellent NDR and unsaturated MR. Further-
more, the MR properties within the NDR conduction region
do not vary significantly with device size, although the cor-
responding value of MRy« is not the highest. Meanwhile,
the NDR properties remain stable. Therefore, based on the
above discussions, for batch engineering applications we rec-
ommend fabricating metal electrodes on two edge positions on
the semiconductor surface to facilitate simultaneous achieve-
ment of excellent NDR properties and a large unsaturated MR.

4. Conclusion

In conclusion, we investigated room-temperature NDR
and MR effects in In/p-Ge:Ga/In devices. Our analysis indi-
cates that the observed NDR primarily originates from the car-
rier injection effect induced by local impact ionization within
Ge. The MR exhibits an unsaturated behavior, increasing
quadratically with magnetic field at lower fields before tran-
sitioning to a linear increase at higher fields, reaching a sig-
nificant value of approximately 91% at 1 T. This large unsat-
urated MR is probably associated with carrier inhomogeneity.
Furthermore, the equivalent Hall electric field strength is posi-
tively correlated with the MR properties, suggesting its poten-
tial utility in characterizing the degree of carrier inhomogene-
ity. Notably, unsaturated MR persists even within the NDR re-
gion, highlighting the potential for developing multifunctional
devices that leverage the coexistence of both NDR and unsat-
urated MR effects. Finally, we demonstrate that fabricating
metal electrodes at two edge positions on the semiconductor
surface is beneficial for the simultaneous achievement of ex-
cellent NDR properties and large unsaturated MR.
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