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Reproducible bipolar resistive switching characteristics are demonstrated in entire nitride AlN/

n-GaN metal-insulator-semiconductor devices. The mechanism involved confirms to trap-controlled

space charge limited current theory and can be attributed to the nitrogen vacancies of AlN serving as

electron traps that form/rupture electron transport channel by trapping/detrapping electrons. This

study will lead to the development of in-situ growth of group-III nitrides by metal-organic chemical

vapor deposition as a candidate for next-generation nonvolatile memory device. Moreover, it will be

benefit to structure monolithic integrated one-transistor-one-resistor memory with nitride high elec-

tron mobility transistors. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901747]

The traditional nonvolatile memory technology based

on charge storage is rapidly approaching its fundamental

scaling limit due to the increasing difficulty of reliably

retaining sufficient electrons in shrinking dimensions.1 In

recent, memory concept based on resistive switching2 rather

than charge storage has inspired scientific and commercial

attentions due to its simple architecture, high speed opera-

tion, high density integration, and good scalability.3,4 As the

third generation of semiconductor, GaN-based materials

which have been intensively studied for optoelectronic and

microelectronic applications such as light-emitting diodes

(LEDs),5 laser diodes,6 photodetectors,7,8 and high electron

mobility transistors (HEMTs)9 are still in their early stage

for memory devices. Moreover, there are few reports on

resistive switching of GaN-based materials. The research on

resistive memory devices based on GaN-based materials will

be beneficial to structure monolithic integrated one-transis-

tor-one-resistor (1T1R) memory with nitride HEMTs and

fabricate a new generation of integrated memory device sim-

ilar to Si-based materials.

So far, resistive switching, especially, bipolar resistive

switching, has been extensively investigated in a large num-

ber of material systems, mainly including ferromagnetic

materials,10,11 transition metal oxides,12,13 and organics,14,15

based on metal-insulator-metal (MIM) structure with differ-

ent suggested mechanisms controlling switching as conduct-

ing filament, interfacial barrier, and interface state

models.13,16–18 Nevertheless, the MIM structure is not suita-

ble for structuring monolithic integrated 1T1R memory

based on the entire nitride materials. Fortunately, the resis-

tive switching is demonstrated in metal-insulator-semicon-

ductor (MIS) structure besides in MIM structure. Cavallini

et al.4 have observed reproducible resistive switching in

metal/e-SiO2/Si and ascribed the behavior to Si filament

formed by electro-reductive/electromechanical process at

negative bias and destroyed by oxidation at positive bias. Liu

et al.19 have fabricated AlN film embedded with Al

nanoparticles on n-Si by radio frequency sputtering to obtain

MIS device. It performed memory effect based on the mech-

anism of forming and breaking tunneling paths as a result of

charging and discharging in the Al nanoparticles. Wu et al.20

have found that oxygen vacancies as well as metallic fila-

ments were responsible for the resistive switching in MIS de-

vice based on HfO2-based high-k insulator. Chen et al.21

have demonstrated that the MIS device based on Al/ZnO/n-

Si exhibited reproducible bipolar resistive switching effects

and concerned the effects to the injection and extraction of

the O2� ions at the Al/ZnO interface, which resulted in the

formation and dissolution of the AlOx barrier layer.

Although MIS devices fabricated by different materials pre-

sented bipolar resistive switching characteristics, the corre-

sponding mechanisms proposed were not well suitable for

our GaN-based materials.

In this letter, we grow AlN/n-GaN material using

MOCVD and demonstrate reproducible bipolar resistive

switching in AlN/n-GaN MIS device. Taking advantage of

the characteristics, the nonvolatile memory device can be

obtained based on GaN-based materials. The mechanism

involved is also explicit and can be attributed to the nitrogen

vacancies of AlN insulator serving as traps, which form/rup-

ture electron transport channel by trapping/detrapping elec-

trons. The process is in accordance with the trap-controlled

space charge limited current (SCLC) theory.

The AlN/n-GaN material was grown on c-plane sapphire

substrate by MOCVD. Trimethylgallium (TMGa), trimethy-

laluminum (TMAl), and ammonia (NH3) were, respectively,

used as Ga, Al, and N precursors while silane (SiH4) as the

n-type dopant. Prior to deposition, the surface of sapphire

substrate was thermally desorbed under H2 for 10 min at

1100 �C. Following the deposition of a 36-nm-thick GaN

buffer layer at 550 �C, a 1–lm-thick undoped GaN layer and

a 200-nm-thick Si-doped GaN layer with carrier concentra-

tion of �2.5 � 1018 cm�3 were grown at 1050 �C. Then, the

temperature was ramped up to 1100 �C for the deposition of

AlN layer. The thickness of AlN layer was measured to be

80 nm in the cross-sectional image obtained by scanninga)Electronic addresses: songh@ciomp.ac.cn and lidb@ciomp.ac.cn
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electron microscope (SEM), as shown in the inset of

Fig. 1(a). The AlN/n-GaN material had a single hexagonal

phase, as demonstrated by (0002) plane 2h-x scan using

high-resolution x-ray diffraction (HRXRD) in Fig. 1(a). In

the subsequent process of fabricating the MIS structure de-

vice, an AlN mesa with diameter of 100 lm was left by

inductively coupled plasma (ICP) dry etching. Surrounding

the mesa, a Ti/Al (50/150 nm) electrode was deposited onto

the n-GaN layer using electron-beam evaporation and

annealed at 700 �C for 30 s in N2 atmosphere to realize ohmic

contact. On top of the AlN mesa, a Ni (300 nm) electrode was

fabricated similarly and formed Schottky contact. The sche-

matic configuration and metallographic micrograph of the

MIS device were shown in Fig. 1(b).

Fig. 2(a) presents typical current-voltage (I-V) character-

istic of the pristine AlN/n-GaN MIS device on semi-

logarithmic scale, which is measured by Keithley 237

electrometer in piecewise continuous mode. The Ti/Al elec-

trode on n-GaN is grounded, and the voltage applied to the

top Ni electrode is swept in a sequence of 0 V ! �8 V !
0 V! 4 V! 0 V, the directions indicated by red arrows are

numbered from 1 to 4 in the inset of Fig. 2(a). By steadily

decreasing the voltage from 0 V to �8 V (arrow 1), a steep

current rise is observed at about �3 V. In this process, the de-

vice switches from high resistance state (HRS) to low resist-

ance state (LRS), corresponding to the "SET" process. It

retains at the LRS when the applied voltage sweeps backward

to 0 V (arrow 2). Subsequently, as the applied voltage

increases from 0 V to 4 V (arrow 3), a negative differential re-

sistance (NDR) region between 1.7 V and 2.2 V appears, indi-

cating that the resistance of device switches from LRS to

HRS. Such a transition is corresponding to the "RESET" pro-

cess. When the positive voltage sweeps backward to 0 V

(arrow 4), the HRS is remained. Viz., the device behaves as a

bipolar memristor.22,23 It is switched ON ("SET" process)

only by applying a negative bias (<�3 V), and it is switched

OFF (“RESET” process) only by applying a positive bias

(>2.2 V). Besides, we measure the endurance performance of

the AlN/n-GaN MIS device. The absolute current of LRS and

HRS versus the number of switching cycles at �0.5 V read-

ing voltage is presented in Fig. 2(b). The inset shows the rep-

resentative I-V curves of 100 sweeping cycles. As can be

seen, the current of LRS and HRS deteriorates slightly when

the sweeping number increases, which is ascribed to the dis-

locations in AlN/n-GaN material prepared by MOCVD. It is

said that dislocations are the major leakage passages for

nitride materials.24 Although the endurance performance of

the AlN/n-GaN MIS device needs to be further improved, the

study confirms that it has reproducible bipolar resistive

switching characteristics which can be applied in reproduci-

ble nonvolatile memory potentially.

In order to understand the resistive switching mecha-

nism of the AlN/n-GaN MIS device, the "SET" process of

I-V curve is replotted in double logarithmic scale, as shown

in Fig. 3(a). It can be seen from the linear fitting results that

the I-V curve of LRS nearly follows Ohmic law with a slope

FIG. 1. (a) (0002) plane 2h-x scan of

AlN/n-GaN by HRXRD. The inset

shows its cross-sectional SEM image.

(b) Schematic configuration of AlN/

n-GaN MIS device. The inset shows

the metallographic micrograph of a

MIS cell.

FIG. 2. (a)Typical I-V curve of the pristine AlN/n-GaN MIS device is shown

in semi-logarithmic scale. The direction pointed by red arrows numbered 1

to 4 in inset is the sequence of sweeping voltage. (b) Endurance performance

of the AlN/n-GaN MIS device. The inset shows the representative I-V curves

of 100 sweeping cycles.

193502-2 Chen et al. Appl. Phys. Lett. 105, 193502 (2014)
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of 1.02 (I / V1.02) while the I-V curve of HRS is bounded by

three limited curves in good accordance with the classical

trap-controlled space charge limited current (SCLC) theory,

which consists of three regions: the Ohmic region (I / V),

the Child’s law region (I / V2), and the traps-filled-limit

region including a voltage threshold (VTFL) and a steep cur-

rent rise.25–27 Based on trap-controlled SCLC theory, the

resistive switching of our device should be related to the

traps in the material. In our preparation of AlN/n-GaN mate-

rial by MOCVD, the AlN was grown at low temperature

(1100 �C) to prevent from damaging the n-GaN below.

However, due to the weak surface mobility of Al adatoms,

the quality of the AlN grown at low temperature was deterio-

rated and contained a large number of traps.28 In order to

confirm this viewpoint, the temperature-dependent I-V char-

acteristics are measured. The trap energy level can be deter-

mined from the temperature-dependent current equation27,29

I ¼ I0 exp ððEt � EcÞ= kTÞ; (1)

where k is the Boltzmann constant, Et is the trap energy level,

Ec is the conduction band lower edge, and T is the absolute

temperature. As shown in the inset of Fig. 3(b), the current of

the HRS during “SET” process under different temperature

(from 295 K to 409 K) is presented in logarithmic-logarithmic

scale. The current of the HRS increases, and the steep current

rise region becomes more and more gradual with the increase

in the temperature, which indicates that the space charge lim-

ited effect is weakened at higher temperature. The reason can

be ascribed to the increase of the thermal generated carriers

and the weakened ability of the traps to capture carriers at

higher temperature. The trap energy level can be obtained

from the plot of ln (I) as a function of 1/T, the slope of which

is (Et � Ec)/k. The (Ec� Et) which is on behalf of the thermal

activation energy is calculated to be �0.25 6 0.02 eV, from

the temperature-dependent space charge limited current of

the HRS, as shown in Fig. 3(b). This result closely

approaches to the nitrogen vacancy energy level in AlN

reported by Nepal et al.30 Hence, Et, associated to nitrogen

vacancies locates below the Ec of AlN and therefore, the

nitrogen vacancies could serve as electron traps and absorb

injected electrons.31,32

To further understand the mechanism of bipolar resistive

switching in AlN/n-GaN MIS device, the traps (nitrogen

vacancies) can be illustrated as potential wells. In wurtzite

structure group-III nitrides, it is prone to generate spontane-

ous polarization because of the electronegativity difference

between group-III and -V elements. The direction of the

spontaneous polarization orientation of the group-III nitrides

is relative to the III-polarity or N-polarity. It reported that

the group-III nitrides grown by two-step method usually pre-

sented III-polarity, which formed spontaneous polarization

with direction pointing in the opposite direction of c-axis.33

Due to the spontaneous polarization field (Psp) of AlN, the

potential wells are tilted upward, as shown in Fig. 4(a). The

energy band diagrams for bipolar resistive switching are

shown in Figs. 4(b) and 4(c). Under reverse voltage, the

applied electric field (Eappl) points to Ni electrode, which is

opposite to Psp and depletes the majority carriers (electrons)

at the n-GaN space charge region and AlN/n-GaN interface.

At the low Eappl, though the tilt of the potential wells is

weakened to facilitate the transport of injected carriers, the

injected carrier concentration from Ni electrode is lower

than the thermal equilibrium concentration of the AlN, so

the MIS device stands at the Ohmic region of HRS. With the

increase of the Eappl, the electrons inject from the Ni elec-

trode to n-GaN with the aid of the nitrogen vacancies. In this

process, the potential wells tilt downward to the n-GaN so

that the injected electrons can easily fill the nitrogen vacan-

cies. The I-V characteristic undergoes a transition from the

Ohmic region to space charge limited region. The trap-filled

electrons make the electron concentration of AlN increase

and thus its resistance drops. When the reverse voltage

reaches the critical voltage (VTFL¼�3 V), the majority of

the nitrogen vacancies are filled with electrons and form

electron transport channel. At this moment, the injected elec-

trons can pass through the AlN by trap-to-trap hopping under

the Eappl, as shown in Fig. 4(b). Therefore, the current under-

goes a steep rise, corresponding to the "SET" process. After

the resistive switching, the MIS device keeps LRS with traps

filled with electrons as long as the polarity of applied voltage

is invariant. When the polarity of applied voltage is changed,

majority of the carriers begin to accumulate at the interface

of AlN/n-GaN. In this process, the Eappl is in the same direc-

tion of Psp, which enhances the upward tilt of the potential

FIG. 3. (a) The linear fitting for the pristine I-V curve of "SET" process in

logarithmic-logarithmic scale. (b) Arrhenius plots for the current-

temperature curves at different bias. The inset shows the I-V curves of the

HRS at "SET" process in logarithmic-logarithmic scale under different

temperature.
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wells. As a result, the trapped electrons can easily jump out

of the potential wells while the electrons accumulated at the

AlN/n-GaN interface in saturation regime are screening the

spontaneous polarization in the AlN layer, which neutralizes

their effect on refilling the emptied wells, as shown in

Fig. 4(c). Without further electrons refilling, the NDR occurs

between 1.7 V and 2.2 V during the electron detrapping from

nitrogen vacancies, corresponding to the "RESET" process.

At this moment, the small number of injected electrons from

n-GaN, which corresponds probably to a thermionic assisted

tunneling transport in forward biased Schottky junction

Ni/AlN/n-GaN, can directly contribute to the current, regard-

less of the electron transport via the channel formed by

potential wells. The bipolar resistive switching in essence is

the formation/rupture of electron transport channel by trap-

ping/detrapping electrons in nitrogen vacancies.

The electric transport mechanisms inferred from the I-V
measurements can be also proved by capacitance-voltage

(C-V) characteristic. The C-V curve is measured at 1 MHz

using Agilent B1500, as shown in Fig. 4(d). The C-V mea-

surement is in accordance with the I-V measuring sequence

pointed by arrows numbered 1 to 4. As can be seen, in the

range of 0 V to �3 V, the capacitance of the "SET" process

(labeled A) increases first, which indicates the electrons trap-

ping in nitrogen vacancies, and then decreases, which indi-

cates the formation of the electron transport channel. The

capacitance of the "RESET" process (labeled B) decreases at

about 1.7 V, which corresponds to the detrapping process. To

further confirm the process of charges detrapping from poten-

tial wells, the frequency-dependent capacitance and conduct-

ance is measured from 1 kHz to 1 MHz at þ2 V, as shown in

Fig. 4(e). Under low frequency, the capacitance C undergoes

negative evolution that is probably a signature of the device

discharge. At low frequency, the trapped electrons in the

potential wells can follow the ac signal, and hence, their dis-

charge under the applied constant þdc would be detectable

and manifest with a decrease of the capacitance evolving even

to negative value.18 While at higher frequency measurements,

these electrons cannot follow the ac signal and result in less

influence on the capacitance change. The small capacitance

dispersion at high frequency range from 50 kHz to 1 MHz

could be probably linked to the bulk defects of AlN layer.

According to the conductance G versus frequency characteris-

tics, which show two transitions (Fig. 4(e)), Stoklas et al.34

revealed that they are formed by two types of traps: surface

state traps and bulk material traps, respectively. In accordance

with this work, one deduces that the transition at high fre-

quency is related to the traps in AlN layer.

In summary, we have obtained AlN/n-GaN material in-
situ grown by MOCVD and fabricated MIS device based on

Ni/AlN/n-GaN. The device presents obvious reproducible

bipolar resistive switching characteristics. The study on its

current transport indicates that the dominant conduction

mechanism is based on trap-controlled SCLC theory. From

Arrhenius plots, the trap energy level is calculated to be

�0.25 6 0.02 eV below Ec, which is formed by nitrogen

vacancies. The observed bipolar resistive switching charac-

teristics can be attributed to the nitrogen vacancies which

form/rupture electron transport channel by trapping/detrap-

ping electrons. In addition to the I-V characteristics and anal-

yses, the mechanism is supported by admittance (C and G)

characteristics.
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