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Electrically switchable bistable conductance that occurs in ferroelectric materials has attracted growing
i o its promising applications in data storage and in-memory computing. Sc-alloyed III-
nitridgszhave emerged as a new class of ferroelectrics, which not only enable seamless integration with
hnology but also provide an alternative solution for CMOS back end of line integration.

Bis, pap€athe resistive switching behavior and memory effect in an ultrawide-bandgap, high Curie
temperature, fully epitaxial ferroelectric SCAIN/GaN heterostructure is reported for the first time. The
Et mﬂbits robust ON and OFF states that last for months at room temperature with rectifying
raMlO, and further shows stable operation at high temperatures (~670 K) that are close to or
venaboye the Curie temperature of most conventional ferroelectrics. Detailed studies suggest that the
e

e
underlying Mechanism is directly related to a ferroelectric field effect induced charge reconstruction at
th
engiacemg, capability in the polar heterostructure, together with the promise to integrate with both
75,
n

nterface. The robust resistive switching landscape and the electrical polarization

sil aN technologies, could pave the way for next-generation memristors and further enable a
bro of multifunctional and cross-field applications.

-

Ferro aterials exhibit a spontaneous polarization that can be reoriented by an external
electric fie inciple of which has been widely used to modify the barrier height or width in a
metal-ferr metal capacitor or a ferroelectric/semiconductor heterostructure to make
resistive s emristors and programmable homojunctions. ™ With the increasing demand
in bigd nd data-centric computing, there have been significant interests in ferroelectric

resistive switc devices due to their promising applications in energy efficient memory,

neuro i in-memory computing, and edge intelligence. *® As a result, tremendous efforts
have been devoted to fabricating resistive switching devices including ferroelectric tunnel junctions
(FTJs), fer&lectric field effect transistors (Fe-FETs), and ferroelectric diodes based on the

conventiong gvskite- or fluorite-type ferroelectrics, as well as various newly discovered two-

dimension ectric materials.®™ On the process side, with silicon technology being the

mainstrea igorous processing steps and strict elements control within the CMOS production
line pose jor challenges to the materials available for making ferroelectric memristors toward

marketiw the material side, the low Curie temperature, small coercive field and narrow
bandgap onventional ferroelectrics (see detail comparison in Table S1) make related
devices suscepti to strain/stoichiometry distortions, read/write operation, depolarization field

and charge injegti@n, etc., resulting in limited memory window and stability issues especially under
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harsh environments. ® 2! The demonstration of ferroelectricity in doped hafnium oxide and
zirconium oxide and their alloyed variants brought new life to the ferroelectric memory community
by beinwaterials used in CMOS processes and has directed the boom in Fe-FETs, FTJs and
negative—cmﬁ (NC-FETSs) in the past decade. ***”

Very , SC-alloyed wurtzite lll-nitrides (Sc-Ill-Ns) have emerged as new members of the
ferroelectrigs family with high temperature phase stability (up to 1100 °(, large tunable coercive

field (1.5- Y), remarkable switchable polarization (80-120 uC cm™), wide bandgap (4.9-5.6

eV), and ufiprecedénted resistance to retention even on a polar semiconductor electrode, making
ferroelect tdrms of lifetime and stability especially in harsh environments. ®*" The wide
synthesizi i also raises interests in a post-CMOS compatible processing technology. (42 |y
spite of these promiises, there have been few demonstrations of SCAIN memory devices, which were

only realiz ing sputter deposition. ***! Compared to conventional sputter deposition, the

these new’m promising candidates for memory applications that may outweigh conventional
s

epitaxial gfewth of ferroelectric SCAIN by molecular beam epitaxy (MBE) offers several critical

advantages,i ing superior control over crystallinity, stoichiometry, thickness, doping, interface,

and unifor are vital for the performance, stability, and yield of memory cells and arrays. **

* The si line nature of MBE-grown ScAIN can further offer a powerful approach to control
the thresho iation, which has remained an unresolved issue for “the era of ferroelectrics”.
Moreo epitaxial method and the electrically switchable polarization greatly extend the
spontaneous/piezoelectric polarization engineering space in llI-nitrides, 49 and further promise a
seamless iSegration of ferroelectricity with the outstanding properties of IllI-nitrides and nitride-

based electraaics, optoelectronics and piezoelectronics, which may enable a revolution in future all-

[46, 52]

can be readily grown on Si substrate over a wide range of growth conditions, enabling seamless

integratio*ith Si'Iectronics especially for memory applications.

Criticﬂe promises and applications is a fundamental understanding and demonstration

of the ferr ty and polarization engineering in a Sc-IlI-N/IlI-N heterostructure. In this article,

we report irst demonstration of a fully epitaxial ferroelectric SCAIN/GaN heterostructure
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memory. The coupling between the distinct resistive switching behavior and polarization orientation
is further analyzed in detail. The structure exhibits robust ON and OFF states depending on electrical
poling W room temperature, with an ON/OFF ratio of 60 — 210, retention time of over
3x10° s, a ar cycling of over 10" times. Polarization-resistance correlated measurements
provided dm:e of a ferroelectric polarization coupled resistive switching process. Besides,
the congductameesand capacitance rectifying ratios were found to decrease with increasing carrier

concentrat i e GaN electrode layer, suggesting a ferroelectric field effect induced charge

E

reconstruc afhe heterointerface, an effect that is being strongly desired for incorporating ScAIN

G

into Ill-nitr ces. Furthermore, the memory effect exhibited weak dependence on operation

temperatug®. imum rectifying ratio of ~ 10 is well maintained even at 670 K, a temperature

S

range that (o] , or even higher than the Curie temperature of most conventional ferroelectrics

(Table S1). setudies firmly establish SCAIN based ferroelectric/lll-nitride heterostructures as a

Ul

viable can or ferroelectric-resistive memory, providing a new paradigm shift for next-
generatio emristors and all nitride-based monolithic integrated circuits for energy-efficient

applicatio sh environments.

an

Si stalline ScAIN films with a thickness of ~ 100 nm were grown on commercial

GaN/sapphi lates by radio-frequency plasma-assisted MBE following the growth of ~ 120 nm

\

Si-dope m electrode layer with a carrier concentration of ~ 1x10"° cm™. Ti/Au metal
pillars with_different diameters (3-50 um) were then deposited as top electrodes, as schematically
shown in a (see Experimental Section for details on sample preparation). Otherwise

mentioned sults shown are collected from the sample with GaN electrode carrier

or

concentrati 1x10" cm™ and top electrode diameter of 20 pm. The Sc content of the ScAIN

layer was 8% to match the lattice of GaN to reduce misfit defects and dislocations. " As

n

shown ng transmission electron microscopy (STEM) image on the right side of Figure 1a,

[

atomica interface can be observed, showing good epitaxial quality. Figure 1b depicts the

typical X-r cans on one ScAIN/n-GaN sample. The characteristic diffraction peak for ScAIN

L

(0002) can erved clearly, further confirming the wurtzite structure of the ScAIN film. The

(0002) pla ing curve full-width-at-half-maximum values (FWHMs) of all the ScAIN films were

A
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less than 400 arcsec, which is nearly one order of magnitude smaller than conventional sputtering
and further confirms the excellent structural property. (30, 46] Figure 1c displays the typical current-
voltage Molarization—voltage (P-V) hysteresis loops recorded using Radiant ferroelectric
tester Il at at room temperature. The remnant polarization was estimated as ~ 90 uC cm'z,
consistent&us reports.”® *! The asymmetry in the P-V loop is ascribed to asymmetric

electrode mmatemials The ferroelectricity in the ScAIN/GaN heterostructure was also confirmed by

3

piezo-resp e microscopy (PFM). As shown in Figure 1d, the butterfly-shape amplitude
diagram a h x-shape phase diagram with approximately 180° separation suggested that the
polarity ofmmn be switched externally by an electric field. Figure 1e, f further show the PFM
out-of-plan®p and amplitude images of domains after writing. The 180° phase contrast, clear

S

domain boWAda®” and uniform contrast in each poled region manifest that stable antiparallel

domains can be Wkitten in the ScAIN layer. The low amplitude signal along the domain boundary

Ul

indicates t elling contribution of opposite domains, which is characteristic of ferroelectrics.

Those patférns were still detectable after 24 h, showing the stability of the polarity switched

N

domains (

Author Ma
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Figure 1. Fe tricity in the epitaxial SCAIN/GaN heterostructure. a) Schematic of the device
structure apd image of the ScAIN/GaN interface. b) XRD 26w scan for the ScAIN/GaN sample.

c)P-Va measured using triangular input at 20 kHz at room temperature driven from the

top electro ypical PFM phase and amplitude hysteresis loops measured at 30 kHz, room

temper utterfly shape amplitude curve and ~ 180° phase switching are observed. e, f)
Amplitude and phase patterns after writing at = 30 V and mapped at Vac= 0.6 V, 30 kHz. The pristine

piezoelects phase exhibits the same contrast with the patterns written by +30 V, indicating a

downward polarization, which agrees with the polarity of the substrate. The contrary phase under

phase states during measurements.

the same j ection in d, f) stems from the phase value renormalization with different initial

To probe the resistive switching behavior, static I-V loops were measured by a B1500

semiconductor aniyzer at room temperature. All voltages were applied to the top electrode while

the bottom eIectrfe was grounded. As shown in Figure 2a, the device exhibited clear, stable bipolar

This article is protected by copyright. All rights reserved.
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hysteresis loops with good repeatability, which remained virtually unchanged after 100 bipolar
scans. A high current state is observed when sweeping back from positive bias, while a low current
state iswn scanning back from negative bias, manifesting a counterclockwise-clockwise
rotation dir, Figure S2, defined from linear-scale plots). Figure 2b further displays the current
measured @ages after poling by voltage pulses. Under a poling pulse of +35 V (20 ms in
width) em thestepselectrode, a high current state, namely the ON state, is established, featuring high
current derer both bias directions. Then, after a poling pulse of -35 V (20 ms in width), a
low currenitatéNer the OFF state is achieved, giving a rectification ratio of ~ 100 at -17 V. The OFF
current exhikbi de-like conduction, i.e., the current under positive bias is larger than that under
negative bw the ON current looks more symmetric with almost identical absolute turn on
voltages (* Y Linear-scale plots of Figure 2a and 2b can be found in the supplementary file
(Figure S2). For paxt of the devices, a relatively low OFF current or large ON current was measured
during the eral scans, resulting in ON/OFF ratios exceeding 10*. However, after several scans,

the |-V cuSes stabilized and all devices showed no difference with those shown in Figure 2a,

indicating uniformity (Figure S3). The non-volatile nature of the ON and OFF states was

explored b§f'm ing the device current at -17 V after pulse poling for different retention times. As
, a slight decrease in ON current is noticed, while the OFF current remains stable
possibl o the detection limit. An ON/OFF ratio of ~ 46 can still be retained after more than a
month (3x10% e bipolar switching characteristics of the SCAIN/GaN heterostructure was tested
by poli /GaN heterostructure repeatedly with £ 35 V pulses and reading the current at -
17 V. As shown in Figure 2d, the ON and OFF current remain steady over 10* write/read cycles, and

Lically after ~ 10° write/read cycles. The increase in OFF current is faster than in

both incre

ON curren @ s rectifying ratio to drop from ~ 100 to ~ 10 after 10° bipolar switching cycles.

Polarizatio © measurements showed sizeable remnant polarization with up to 10’ switching
cycles (Cﬂhe early setting-in of resistive fatigue could be related to charge injection to the
ScAIN/ , which will be explained later. With a larger negative poling voltage, or longer

negatileing time, the increased OFF current can be partly restored (Figure S5). Those
results shomeat potential of SCAIN/GaN heterostructure as memory devices. It’s noted that

the switch s here is still lower than the state-of-the-art memory devices based on HfO, and

<C
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lead zirconate titanate (PZT) (>10°). ® Optimization on the material quality and electrode materials

will be of great importance to increase the endurance strengh of related devices.

)]
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Figure 2. l:switching behavior in the ScAIN/GaN heterostructure memory. a) Typical |-V

hysteretic oom temperature with a step size of 100 mV. The scan direction follows -35 V -
35 V> -3 on-destructive reading of the ON/OFF current, inset shows a sketch of the
measurem ence. The set pulse width is 20 ms. c) Retention properties and d) bipolar
switching stabi f the SCAIN/GaN heterostructure memory. The ON and OFF states are retainable
over a En ON/OFF ratio of ~ 60 is maintained after 3x10" bipolar cycling (£35 V, 20 ms).
A projected lif of > 10 years is demonstrated.

Sum igure 1 and Figure 2 brings us the idea that positive poling, after which

polarizatio downward, corresponds to the ON state, while upward polarization corresponds
to the OTo elucidate the relationship between resistive switching and ferroelectric
switching, d write/read process is developed. First, a preset pulse (+ 35V, 20 ms) was used
to set &o OFF (ON) state. Then a voltage and width-tunable write pulse was applied
foIIoweM—destructive current readout. Finally, two identical trapezoidal waveforms

(switching itching) were used to extract the polarization change. In this scenario, the

conductivi heterostructure, and the polarization state corresponding to this conductivity,

can be &multaneously after each writing pulse. As shown in Figure 3a, the hysteretic

This article is protected by copyright. All rights reserved.
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resistive switching of the device exhibited almost identical shape with the P-V loop, with nearly the
same threshold voltage and saturation behavior, which provides clear and direct evidence of a
ferroeleWation modulated resistive switching process. (58] Figure 3b and c further showed
the writin idth dependence of the resistive switching and polarization switching process.
When theme width is small, negligible polarization or conductivity change is noticed. As
the writingmpuisemwidth increases, the polarization difference before and after writing pulse slowly

increases Mates at 2P, when pulse width is over certain values. The device current level,

sensed at -#P V, ws the same trend. All these results strongly suggest a ferroelectric polarization

orientation ted resistive switching behavior in the ScAIN/GaN heterostructure.The gradual
modulationfof uctance with different pulse widths could be further ultilized to build memory
arrays that ic a biological learning rule called spike-timing-dependent plasticity (STDP). ©**

The voltage prorlls used to generate Figure 3a-c can be found in the supplementary file (Figure S6).

—
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Figure 3. %eous measurement of conductivity and polarization change. a) Conductivity

hysteresis

@ the ScAIN/GaN heterostructure with corresponding relative polarization state.
Two branchéS%aPe plotted together to form a complete loop. The write pulse width was 50 ms. b, c)
Pulse-widtlfdependent measurements. During the experiment, a preset pulse first sets the device to
OFF (O . n a tunable write pulse is applied followed by a non-destructive current readout.
Finally, twel'tix rapezoidal waveforms are used to probe the relative polarization change after

write pulse.

U
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To explain the experimentally observed I-V hysteresis loops, we established the band diagrams
for the ScAIN/GaN heterostructure considering the ferroelectric field effect and real-space charge
reconstWe ScAIN/GaN interface. As schematically shown in Figure 4a and b, due to the
ferroelectri ffect, when the ferroelectric polarization in ScAIN is downward after positive
pulse writi&ive polarization charges at the ScAIN/GaN interface will attract electrons near
the intanfagesamemeause a downward bending of the band profile and an accumulation region; when
the ferroemmarization in ScAIN is upward after negative pulse writing, the negative
polarizatiogf€ha at the ScAIN/GaN interface will repel electrons near the interface, leading to an
upward bewthe band profile as well as a depletion region. @ In the latter case, the total

barrier hemcreased, and an additional interface barrier is presented, which blocks the
of?”a

electron tr nd results in the OFF state. ® This model is further confirmed by growing ScAIN
on GaN with diff@&ent doping concentrations. As shown in Figure 4b, both ON and OFF current
increases easing carrier concentration in the GaN electrode. As the OFF current increases

faster, the fmaximum ON/OFF ratio drops from ~ 210 to 60 when the carrier concentration of the n-
GaN layer from ~7x10" cm™ to ~1x10°° cm™. This is expected since in the ON state, the

polarizatio

‘i@ ward and the interface is already in accumulation. Further filling the interface

with electrOhs@@Uses negligible lowering of the barrier height. While in the OFF state, the

polariz upward, and the screening of the polarization charge is strongly enhanced by high
doping con on in the electrode layer, consequently a more pronounced reduction of the
depleti idth and the interfacial barrier height. Following Wen’s work, the depletion

widths have been calculated based on capacitance-voltage (C-V) measurements at small voltages,

indicating L’on of equilibrium depletion width from ~ 10 nm to less than 1 nm when the
carrier co@m increases from ~7x10" cm? to ~1x10* cm™ (Figure S7 and Table S2),
consistent e proposed model. @ Fitting of the experimental I-V data indicates a linear
dependen V) on the square root of V (Figure S5). However, the extracted relative dielectric
consta e-Frenkel emission model (in the range of 6 to 8) is much smaller than that from

c-v medH(”lZ), suggesting the conduction involved here is not dominated by polarization
coupled tmfactor change reported previously for a metal/ScAIN/metal capacitor. *¥! The fast

increase t with voltage could indicate certain extent of tunneling current from the

triangul{ormed at the electrode/ferroelectric interface due to strong applied electric

This article is protected by copyright. All rights reserved.
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field." Instead, the Poole-Frenkel emission model is found to fit the I-V curves very well after
resistive fatigue, indicative of a transition from interface barrier modulated conduction to bulk
PooIe-FMion limited transport after cycling (Figure S5). It is suspected that during bipolar
cycling, ex harges are injected to the ScAIN/GaN interface, which lowers the overall barrier
height an&kage paths. This explains the early setting-in of resistive fatigue and the
restoratio nmbelawior considering that charge injection has been reported to occur before domain
wall pinninw could be partially released upon back-filling or heating (Figure S5). Besides, the

shape of th@I- steresis loop is found to be independent of the electrode material (Figure S8),
which furt

a SchottkymDue to the large oxygen affinity of Sc and Al, there could be a thin oxide layer
0

s that the rectifying effect stems from the ScAIN/GaN interface, rather than from
between t lectrode and ScAIN surface. ***! If the conduction is modulated by the barrier
height of tse tEm;xide layer, altering the electrode material should also change the work function
of the elec

ratios. HoSever, this is not observed in our experiments. Those results together validate a

ereby the electrode-oxide interface barrier height, resulting in different rectifying

ferroelectr

One m that the depletion widths extracted are much smaller than the values from
(Ta

theoretj ion considering the large polarization discontinuity and an ideal ScAIN/GaN
interface ). We suspect that the polarization charge at the interface could be slightly
screen ce traps introduced either during growth interruption or from the low purity Sc

source (99.9%). Moreover, due to the strong chemical bonding at the ScAIN/GaN interface and the

fect dominated resistive switching in the ScAIN/GaN heterostructure.

relatively all dielectric constant of ScAIN (thus stronger depolarization field), a thin non-

depletion rggion in this work. Besides, vacancies could also accumulate at the interface and screen

the poIarizItion cbarges. 81 Nevertheless, our main concept is not affected. An effective remnant

polarization maf be introduced to quantitatively depict the charge reconstruction at the interface.

<C
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Figure tics of energy band diagrams of the ScAIN/GaN heterostructure modulated by

the polariz rientation in ScAIN. @,,, @Dy, are the effective barrier heights for electron

transp to ferroelectric field effect and charge screening, a space charge region and a higher

Manuscript

effective barrier are built during P up operation. b) Dependence of ON/OFF current on carrier
concentra!n in the GaN contact layer and c) corresponding ON/OFF ratio. Error bars in c) are

standard deviations calculated from 10 different devices in each sample. Measurements were done

with 50-p er top electrodes to enable better comparison of the OFF current. The spread of
ON/OFF ratios with decreasing GaN carrier concentration indicates an enhanced effect of

depolarization field.

-

It has been r@ported that, due to significant electromigration of oxygen vacancies, filament

U

conduction or electronic conductor-insulator transition could occur and dominate or contribute to

This article is protected by copyright. All rights reserved.
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the resistive switching process in ferroelectrics. ™ In our case, the complete reorientation of the
wurtzite structure requires a holistic displacement of metal or nitrogen atoms, which may evoke
some vaMtion events. " By varying the diameter of the electrodes from 3 um to 50 um,
the IV h is loop is found to be independent of junction area (Figure S8), and no
eIectroforrment compliance is required to stabilize the switchable resistance, thereby
excluding thesfesmation of conductive filaments. On the other hand, the ON current in this work
appears syMand is always larger than the OFF current under both biasing conditions, which is
different frgPh th&ytypical diode-like hysteresis loop during electronic conductor-insulator transition.
(51 Besidesuctromigration model by itself is bulk conduction and cannot account for the
carrier comn dependence shown in Figure 4c and d. Therefore, we conclude that for the
erost

ScAIN/GaN ructure in this work, electromigration of defects like vacancies could exist but is

not playing an |m5rtant role.

(a) (b) (c) Temperature (K)
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|
Figure 5. m perature performance of ScAIN/GaN heterostructure memory. a) P-V loop
measured at%€ on a hotplate. The temperature has been calibrated using a thermometer. b) ON

and OFF cufrent probed at 670 K, showing the bistable conductivity. c) Dependence of ON/OFF ratio
on ope rature. Due to the strong temperature dependence of coercive field, the write
and rea were gradually reduced with increasing temperature. The ON/OFF ratio is
calculated as the maximum ON/OFF ratio in the non-destructive |-V readout. d) Retention test at 670

K on a hot g Keithley 2400.
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Finally, a discussion on the high temperature operation of the ScCAIN/GaN memory is made. A

wide bana*p o! i 5.5 eV has been reported for SCAIN with 18% Sc content, ! which is above most

of the ferfo materials reported (Table S1). Besides, the conduction band offset between

ScAIN with ent and GaN is predicted to be ~ 1.74 eV from first-principle calculations and

0
H I (60, 61] .
~ 2.09 evgy X-ray photoelectron spectroscopy (XPS) measurements. " °~ Those wide-bandgap

characteri ying over to ScAIN from llI-nitrides, are expected to help suppress the thermally
activated dlirrent @t high temperatures. Figure 5a first compares the P-V loops at room temperature
and at 670 K. astic drop of coercive field is observed at 670 K, while the remnant polarization
keeps stea@ly, An agtordance with previous reports. B2 The writing pulse was consequently modified
to+ 23V, rprisingly, even at 670 K, the ON/OFF states are still attainable with a rectifying
ratio of ~ 10 epicted in Figure 5b. This temperature is already quite close to the Curie
temperatur, ny ferroelectric materials including HfO, (Table S1). Figure 5c¢ further delineates
the tempe ependence of the maximum ON/OFF ratio for the ScAIN/GaN heterostructure

memory. Wi jncrease of ambient temperature, the maximum ON/OFF ratio drops slowly from
~ 200 to 1@\at , in contrast with the rapid decrease of ON/OFF ratios in a BaTiO; based FTJ. [62]

The stabili two states at high temperature is shown in Figure 5d, indicating a retention time
over 10° s at Corresponding I-V loops and ON/OFF currents at different temperatures can be

found i ting information (Figure S9). After optimization ,an ON/OFF ratio of ~ 100 can be
still obtained even at 433 °C(Figure S11). Those results confirm the superior stability of SCAIN/GaN

based merSry, and provide a viable path for realizing memory devices for harsh environments such

as aerospa@ilitary applications.

In co‘lusion, we reported, for the first time, a stable epitaxial SCAIN/GaN heterostructure
resistive ¥mory'and a detailed analysis of the coupling between resistive switching and

ferroelectr jzation. The structure exhibits distinct ON and OFF states in response to external

bias at room temperature, with a rectifying ratio of 60 — 210, retention time of over 3x10° s, and

bipolar cycling tr 10* times. Polarization-resistance coupled measurements showed the direct
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correlation between resistive switching and ferroelectric polarization switching. By fitting the |-V
curves and tuning the carrier concentration of the GaN semiconductor electrode, the conductance
modulaWen explained as an electrical polarization engineering at the heterostructure
interface. T ory effect exhibited weak dependence on operation temperature, maintaining a
maximum &tio of ~ 10 even at 670 K. With further optimization of the growth conditions,
63 electsodemmaterials, device structures and especially the ferroelectric layer thickness, Sc-lI-N
based meMices with low operation voltage, high rectifying ratio, long retention time and
good endupd@hcef@sistance comparable to other state-of-the-art memory devices are possible. These
results sumat ScAIN based ferroelectric/lll-nitride heterostructures can be potential

candidatesmeIectric—resistive memory, and are anticipated to open the route toward next-
m

generation tors and all nitride-based monolithic integrated logic circuits for power-efficient

applications anE Ssh environments.
Experimen;:n/Methods

The samplrown using a Veeco GENxplor MBE system equipped with a radio-frequency (RF)

plasma rogen source and a high temperature effusion cell for Sc on commercial

GaN/sapphir lates with a dislocation density of ~ 5x10®cm™. Detailed growth conditions can

be fou vious papers. 29 The samples contain a 100-nm-thick ScAIN layer, and a 120-
nm-thick n-GaN contact layer doped by Si. For n-GaN contact layer, the carrier concentration was
varied frorfl[~7x10" cm™ to ~1x10?° cm™ by tuning silicon cell temperature from 1050 °Cto 1250 °C

and further calibrated by room temperature Hall effect measurements. Energy dispersive x-ray

spectrosco was used to calibrate the Sc content in ScAIN in a Hitachi SU88000 scanning

electron microscope (SEM). Scanning transmission electron microscopy (STEM) specimens were

prepared by a Thermo Fisher Scientific Helios G4 UXe focus ion beam (FIB) and STEM images were
collected iing a iOL 3100R05 aberration-corrected S/TEM operated at 300 kV, with a collection
range of 59-200 mrad for high-angle annular dark-field (HAADF) imaging. Ti/Au and Pt/Au circular

electrodes with diSneters of 3-50 um were lithographically patterned electrodes. 200-nm-thick SiO,

deposited by PEf with small dry-etched openings was used to define electrode areas smaller than

This article is protected by copyright. All rights reserved.
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10 pm in diameter. The P-V loops were collected using a Radiant Precision Premier Il ferroelectric
tester driven from the top electrode. Current and capacitance were measured using B1500

semicorMyzer and Keithley 2400. Temperature dependent measurements were done using
a MMR te e variable (70 K — 780 K) probe station or on a hotplate in air. PFM results were
captured i Ntegra system using a conductive tip HQ:NSC35/PT from Mikromasch. During

measurgimamtsathentip frequency was 30 kHz and Ve was 0.6 V.

tion

Cr

Supporting

Supportingiln ion is available from the Wiley Online Library or from the author.
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Direct gro oelectrics on IlI-nitride semiconductors by molecular beam epitaxy and the

memory effect in a epitaxial SCAIN/GaN heterostructure is demonstrated. The structure exhibits
robust ON states at room temperature and further shows stable resistive switching at high
temperatur sults could pave the way for next generation memristors and enable a broad range
of multifungtional and cross-field applications based on IlI-nitrides.
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