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Abstract. In this work, experimental and theoretical studies of diode heterostructures based
on GaN nanowires synthesized on silicon have been carried out. Current-voltage measurements
showed the typical backward diode behavior in the range from —3 to +3 V and the appearance
of a hysteresis loop at greater biases. It was shown for the first time that the effect of bipolar
resistive switching could be observed in such structures. The ability of the corresponding
memristor cells to remain their state for a long time (not less than 65 hrs) under normal
conditions, as well as to bear long read cycles without loss of information were demonstrated.
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AHHOTAUUA. HpOBeHCHLI OKCIICPUMCHTAJbHBIC U TCOPCTUUCCKUEC UCCICAOBAHUA THWOIHBIX
TeTCPOCTPYKTYPp Ha OCHOBC HHUTCBUIAHBLIX HAHOKPUCTAJIOB GaN, CUHTC3MPOBAHHLIX Ha
KPpEMHUMUA. I/I3MepeHI/IH BOJIbTAMIICPHBIX XapaKTCPUCTUK II0Ka3aJln 3aKOHOMCPHOCTb UX
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TOBEIeHNSI, XapaKTepPHYIO /TS 00pallleHHBIX IMOIOB, B AMara3zone oT —3 no +3 B, u nosBieHue
MeTJIM TUCTepe3rca MpU OyJIbIINX CMEIIeHUsX. BliepBble OBUIO ITOKAa3aHO, YTO B TaKMX
CTPYKTYypax MOXeT HaOIoaaThcsl 3¢hGeKT pe3uCTUBHOIO MEpeKIIOUeHUsT OUMOISIPHOTO THUIIA.
IIpoaeMoHCTpUpOBaHA CIOCOOHOCTb COOTBETCTBYIOIIMX MEMPUCTOPHBIX SIYEEK COXPaHSTh
CBOE COCTOSIHME B TeUEHUE HEe MeHee 65 4 IMpu HOpMaJIbHBIX YCIOBUSIX, 4 TAKXKE BbIACPKUBAThH
MPOAOJIKUTEIbHBIE IMKIIBI CYMTHIBAHUS 0€3 moTepu nH(popMaInu.
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Introduction

Advances in information technology, especially artificial intelligence, demand higher per-
formance from computing systems, which inevitably leads to increased power consumption.
The scientific community is actively exploring ways to address the challenges associated with
transistor density in integrated circuits and reducing their power consumption. It is well known
that the physical limit of integration is expected to be reached in the coming years [1]; further
progress will require either optimizing the existing architecture or introducing new architectures
and methods.

One of the approaches to overcoming these obstacles is to perform computations entirely
within the system’s memory. This approach is called In-Memory-Computing (IMC) and offers
several advantages by minimizing both the time and energy costs of communication between
the processor and the memory. A promising implementation of this idea is resistive random-ac-
cess memory (RRAM), which is based on a passive circuit element called a memristor (a port-
manteau of memory and resistor) [2]. The key feature of memristors is their ability to change
and ‘remember’ their resistance depending on the history of applied voltage. The memristor
effect was reported in various material systems, for example, metal oxides (including multi-
layer structures) [3, 4], perovskites [5], two-dimensional materials [6], organic compounds [7],
and semiconductor heterostructures [8].

Among semiconductor materials, gallium nitride (GalN) deserves special attention, as it is
used to develop and manufacture modern components for power electronics, optoelectronics,
and microwave electronics. GaN has also been the subject of intensive research in the context of
memristive devices [9—11]. Furthermore, fabricating GaN as nanowires (NWs) rather than pla-
nar layers ensures high crystalline quality of the nanostructures on the one hand, and facilitates
the creation of nanoscale semiconductor devices on the other hand. Moreover, GaN NWs with
high crystalline quality can be grown directly on silicon without buffer layers [12—15], which is
important for integration with the accessible and well-established silicon technology.

This work presents results demonstrating for the first time the memristor effect in a GaN NWs/
Si tunnel heterostructure.

Synthesis and preparation of structures

Gallium nitride NWs were grown on p-type silicon substrates by molecular beam epitaxy
(MBE) using an inductively coupled plasma nitrogen source and a gallium effusion cell installed
in a Veeco GEN III system. Silicon wafers were prepared and a protective oxide layer was formed
by a modified Shiraki method [16]. Next, the oxide was removed in the growth chamber by

© Illyrypos K. 0., Moxapos A. M., Kasees A. K., ®enopos B. B., 2025. U3natesn: Cankr-IleTepOyprckuii moauTeXHUIecKuit
yHuBepcuteT Ilerpa Benukoro.

10



4 Condensed Matter Physics >

thermal annealing to a temperature of 800—850 °C for half an hour under ultrahigh vacuum, with
the formation of a reconstructed Si(111) 7 x 7 surface, confirming its high purity. After that, the
silicon surface was nitrided at 550 °C in an activated nitrogen plasma flux (at a rate of 10 ml/min)
with the set power of 500 W. Then, the surface of the wafer was covered with a monatomic layer
of aluminum, turning into an aluminum nitride (AIN) upon subsequent exposure to nitrogen and
forming a selective mask for synthesizing GaN NWs. A Ga-polar GaN layer forms on the AIN
surface, which then turns into a coalescing island layer, while NW synthesis occurs at the grain
boundaries between individual domains of the AIN layer [17].

Further growth of GaN NWs was carried out at a temperature of 850 °C. Importantly, the AIN
mask was chosen with a specific purpose. As the aluminum layer is deposited onto the epitaxial
wafer, it partially diffuses into the silicon, forming a highly doped p-type region near the surface.
In turn, to ensure n-type conductivity of the NWs, they were additionally doped with silicon
during the growth process. Together, this allows to reduce the thickness of the space charge
region at the GaN/Si interface and enhance the influence of tunneling processes on current flow
in this structure.

The morphology of the as-grown structures was studied using a Zeiss Supra 25 scanning elec-
tron microscope (SEM) (Fig. 1, a, b). The NWs have a conical shape typical for these growth
conditions, which widens with distance away from the wafer. In addition to the NW array, the
SEM images show the presence of a parasitic network layer of Ga-polar GaN located between
individual NWs, which is typical for synthesis with an AIN mask. The height of the NWs was
up to 700 nm with the average diameter varying from 50 to 150 nm. The estimated N'W surface
density was about 10 pm™2.

The next stage of the work consisted of the production of experimental samples based on the
epitaxial structures grown. After a thin aluminum film was deposited on the back side of the
Si substrate to form a bottom contact, the sample was processed in a Jipelec JetFirst 100 rapid

Fig. 1. SEM images of as-grown n-GaN NWs/p-Si structure (¢—c) and schematic
diagram of this structure after full post-growth processing cycle (d);
cross-sectional cleave (a), top view (b), 45° view after SU-8 etching

in oxygen plasma (c)
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thermal annealing system at 300 °C for 10 minutes in a nitrogen atmosphere. A dispensing pipette
was then used to fill the space between the NWs with a photocurable epoxy resin (SU-8), followed
by spin coating, UV exposure, and a final hard bake at 250 °C. To remove SU-8 from the NW tips
(to subsequently form ohmic contacts), the structure was partially etched in oxygen plasma using
PiNK Plasma system V15-G (400 W, 60 sccm, 15 min). The top contact was prepared as an array
of round Al/Au mesas with a diameter of 100 um, obtained using laser lithography and vacuum
deposition. The total contact thickness was 250 nm. Metallization was carried out in the BOC
Edwards Auto 500 thermal resistance evaporator for both contacts. Directly before loading into
the chamber, the corresponding surfaces were treated in each case with solutions of hydrofluoric
acid and hydrochloric acid (for Si and GaN, respectively) to remove the surface oxide. The results
of the post-growth process are shown in Fig. 1, ¢, d.

Results and discussion

The first stage in the characterization of the prepared mesa samples was the measurement of
current—voltage characteristics, carried out at room temperature with a specialized probe station.
The positive pole of the Keithley 2401 precision source measure unit was applied to the bottom
contact (p-Si), and the negative pole was applied to the top contact (n-GaN). At first, relatively
small voltages were applied to the structure with a gradual expansion of the range (Fig. 2), while
measurements were carried out in cyclic mode with the following sweep sequence:

-U—-0—-+U—->0—--U. (1)

As seen from the graphs in Fig. 2,a, the /—V curve in the range from -3 to +3 V corresponds
to the behavior of the backward diode when the reverse branch opens before the forward one. This
indicates that the doping degrees of the layers forming the p—n junction are selected so that the
bottom of the GaN conduction band in the equilibrium state is approximately at the same energy
level as the top of the Si valence band [18].
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Fig. 2. Sixteen /—V characteristics measured in mode (1) (solid lines) and in the opposite
direction (+U — —U) (dashed lines) for one mesa of the prepared structure
The colored curves correspond to measurements I—IV (a) and V—VIII (b)

With a further increase in the applied voltage (above 5 V), a section of negative differential
resistance appears, as well as hysteresis in both the forward (-U — +U) and reverse (+U — -U)
sweep directions (Fig. 2,b).

For a more complete picture, a similar experiment was conducted for five other mesas (num-
bered C2R5—C2R9). In this case (Fig. 3), the measuring cycle with start and end at zero voltage
consisted of four consecutive sections, collectively covering the range from -8 to +8 V. As follows
from Fig. 3, all mesas exhibit hysteresis, while the /—V curves coincide well over the entire range
under consideration. Hysteresis in the positive voltage region was observed only after prelimi-
nary reverse biasing of the structures (steps 1 and 2), which is consistent with the /—V curves in
mode (1) (solid lines in Fig. 2,b). It can be concluded from these results as well as from similar

12



4 Condensed Matter Physics >

current—voltage characteristics of other mesas (not shown in the figure) that applying a reverse-
bias voltage to the structure for about 10 s (the time required to measure the /—V curve in the
range from 0 to —8 V) subsequently leads to a significant increase in the forward current com-
pared to the initial state of the same structure. This behavior is equivalent to a write operation in
a memory cell. In turn, applying a forward bias equivalent to step 4 eliminates this effect, restor-
ing the structure to its initial state with lower conductivity (see Figs. 2,6 and 3). This behavior is
reversible, and the structure can be repeatedly switched between two stable states by applying a
voltage of the appropriate polarity (forward bias for erasing, reverse bias for writing).

We believe that the physical mechanisms behind this behavior of the given structures are
closely related to the specifics of NW synthesis. Aluminum, gallium, nitrogen, and silicon are
representatives of different groups of the periodic table and can form a large number of different
compounds, including wide-bandgap semiconductors. Thus, thin layers of silicon nitride, sili-
cides, and other compounds can form between
the substrate and the GaN N'Ws during synthesis

41 of the structure; the presence of these layers may
] affect charge carrier transport between GaN and
Z Si. An important characteristic of wide-bandgap

60 | .
40}
20}

<
i . 1 layers is the possible presence of charge cen-
§ =0 1 ters whose energy levels are located deep in the
3 40r 1 bandgap of the material and are described by

O Step 1 . . .
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ol step 3] orbital has a small radius). The levels for which
ool step4|] the wave function is largely localized within
e e b é i the layer form traps for charge carriers with
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affect the charge transfer initiated by Coulomb
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Fig. 3. Superposition of cyclic /—V curves
obtainedin0V—--8V-0V->+8V->0V
sweep for five different mesas (C2R5—C2R9)

forces. These states are likely responsible for the
observed behavior of the current—voltage curves
in the given structure.

Fig. 4 shows the band diagrams of the struc-
tures corresponding to different steps of measuring the /—V curves marked in Fig. 3. Initially, the
band structure of the system considered (see Fig. 4,a) corresponds to a certain distribution of charge
carriers on isolated centers of the wide-bandgap interface layer (not shown in Fig. 4), determined
by epitaxial synthesis and presumably close to equilibrium due to the high growth temperature. The
band structure of the system then corresponds to that of the GaN/Si interface, taking into account
static corrections caused by local mechanical strains due to the lattice mismatch between GaN and
Si, as well as the charge in gallium nitride induced by the piezoelectric effect. When a negative
voltage is applied to the semiconductor structure as seen in Fig. 4,b (step I in Fig. 3), a possible
scenario is that continuum states (allowed bands of gallium nitride and silicon) are located in close
proximity on both sides of the isolated centers. The configuration allows charge carriers to tunnel
through these centers via the Poole—Frenkel mechanism [19]. This process reduces the lifetime
of the states and causes them to recharge until local equilibrium corresponding to the given bias
level is reached, which constitutes the write operation. When the applied voltage is switched off
(step II in Fig. 3), the carriers again become trapped at deep centers. However, the altered charge
distribution at these centers now modifies the Coulomb field, which consequently distorts the band
structure of the entire heterointerface (see Fig. 4,¢). This affects the equilibrium concentration of
free charge carriers in GaN and Si near the interface and changes the conditions for their tunneling
and recombination. The change in the charge at the isolated centers in the given semiconductor
structure corresponds to an increase in current under forward bias (step 3 in Fig. 3). Given the
expected doping levels in GaN (on the order of 10" ¢cm™3) and Si (on the order of 10 cm™3), we
can conclude that the energy levels of the localized centers lie below the Fermi level in the band-
gap. The write operation under negative bias leads to an increase in the positive charge and brings
the potential barrier heights at the interface closer together for electrons in GaN and holes in Si,
or, in other words, the product of their equilibrium concentrations increases. A further increase in
forward bias allows for the diode structure to open (Fig. 4,d), leading to a significant rise in the
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concentration of free charge carriers near the interface. Accordingly, recharging of isolated centers
occurs, either through the Shockley—Read—Hall recombination involving free carriers injected into
the allowed band of the wide-bandgap interface layer between GalN and Si, or through carrier trap-
ping at other energy levels within the bandgap of this layer, followed by recombination with carriers
located at the isolated centers. This completes the erase operation. Importantly, applying voltages
below certain thresholds (either the threshold for carrier tunneling via the Poole—Frenkel mecha-
nism or the threshold for activating the Shockley—Read—Hall recombination mechanism) does not
alter the charge distribution at the isolated centers, therefore leaving the system state unchanged. In
our case, this situation is observed experimentally: the /—V curves in Fig. 2,a show no hysteresis in

the range from —3 to +3 V.
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Let us compare the results obtained with the data available in the literature. For example,
interface-type switching in memristors is mentioned in [20]. Resistive switching in metal/per-
ovskite structures depending on the polarity of the applied voltage was observed in [21, 22]. The
authors interpret this effect within the framework of a model with trap states at the interface.
Memristor structures based on charge traps are considered in [23, 24]. Theoretical studies were
also carried out on resistive switching in memristors based on the interface trap model [25]. Thus,
we suppose that bipolar resistive switching can occur in the given samples (switching of states is
achieved by applying voltages of opposite polarities). To the best of our knowledge, this effect has
been established for the first time for GaN NWs/Si heterostructures.

The memristor properties of the heterostructures were analyzed at the next stage. Since writ-
ing a logic 1 (or the low resistive state, LRS) is performed by applying a reverse bias voltage, we
applied a —8 V bias for 10 s to one of the mesas previously unused in the measurements (C2R4).
Next, the structure was disconnected from the external circuit and left undisturbed for 65 hours.
After this time, the measurement probes were reconnected, and a series of 738 read cycles was
performed using the standard measurement setup (Fig. 5,a). Reading was performed using +0.5 V
rectangular voltage pulses with a frequency of 0.1 Hz (pulse duration was 1 ms). The current pass-
ing through the structure was converted into voltage by a transimpedance amplifier (TA in Fig. 5)
and recorded by an oscilloscope. For the first 198 cycles, the voltage readings at the TA output
were recorded every 10 s; for the next 60 cycles, every minute; and for the last 480 cycles, every
10 min. The measurement results are shown in Fig. 5,5.

Since the cells are initially in HRS, corresponding to a logic 0, the forward branch of the
I—V curve was measured up to 5 V before writing a logic 1. According to this dependence, the
resistance value of 9 kOhm, corresponding to HRS was found for the read voltage (marked with
the blue line in Fig. 5,b).

As can be seen, the resistance value of the cell practically does not change throughout the
entire reading time, remaining at the level of 1.2 kOhm, which is more than 7 times lower rel-
ative to HRS. A continuous forward bias of +8 V was applied to the cell after this experiment;
the cell consequently returned to its initial high resistive state. To verify the return to the initial
state, the /—V curve was measured again and compared with the one obtained before writing a
logic 1 into the cell. Thus, it is confirmed that the structures considered can memorize and store
logic variables.

Conclusion

We studied heterostructures based on n-GaN nanowire arrays grown on p-Si by molecular
beam epitaxy using an aluminum seed layer to initiate nanowire growth. Ohmic contacts were
formed on the vertically aligned NW arrays using post-growth processing methods, patterned into
circular mesas with a diameter of 100 um. Based on current—voltage measurements under cyclic
voltage sweeps, we observed, for the first time, a bipolar resistive switching effect in these struc-
tures. Furthermore, we demonstrated that these structures can retain a low resistive state for a
considerably long time (at least 65 hours) and withstand multiple read cycles (738 cycles) without
data loss.

Thus, heterostructures incorporating n-GaN nanowires on p-Si can exhibit memristive prop-
erties, which we attribute to the presence of tunable charge centers near the heterointerface,
influencing the conductivity of the system via field effects.
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