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Abstract: One of the most promising emerging technologies for the next generation of nonvolatile memory devices
based on resistive switching (RS) is the resistive random-access memory mechanism. To date, RS effects have been found
in many transition metal oxides. However, no clear evidence has been reported that ZnO-based resistive transition mech-
anisms could be associated with strong correlation effects. Here, we investigated N, F-co-doped ZnO (NFZO), which
shows bipolar RS. Conducting micro spectroscopic studies on exposed surfaces helps tracking the behavioral change in
systematic electronic structural changes during low and high resistance condition of the material. The significant difference
in electronic conductivity was observed to attribute to the field-induced oxygen vacancy that causes the metal-insulator
Mott transition on the surface. In this study, we showed the strong correlation effects that can be explored and incorporated

in the field of multifunctional oxide electrons devices.
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1. Introduction

Comparing the new concepts of non-volatile memory
technology among the researchers, such as phase-change
Random Access Memory (RAM), magneto-resistive RAM,
and ferroelectric RAM, the low operating voltage and sim-
ple structure of RAM drew a lot of attention. Resistive
Random Access Memory (RRAM) works on structure of
metal insulator metal (MIM) and can read and write at a
high speed. Thus, it is evaluated as a promising next-gener-
ation nonvolatile memory candidate. In the non-volatile
memory research area, the material that can control two or
more states and maintain them is of paramount importance.
Resistance changes caused by electric fields have previ-
ously been seen in MIM structures of various transition
metal oxide materials with asymmetric electrodes, and
these changes have been explained by a number of mecha-
nisms. From this point of view, RRAM has a great advan-
tage of being able to use various characteristics at low cost
using various materials and simple structure.!”®

A RRAM composed of an insulating or semiconductor
oxide between metal electrodes (MOM structure) which
shows a RS occurs in a reversible way when an anode or
unipolar voltage is applied. For bipolar RS, application of

fCorresponding author
E-mail: hhpark@yonsei.ac.kr

© 2022, The Korean Microelectronics and Packaging Society

two voltage polarity leads the device to transition from a
high resistance state (HRS) to a low resistance state (LRS).
This RS type mechanism is usually used for voltage-driven
movement of oxygen ions, pores,”® changes in barrier
such as Schottky by trapping/detrapping effects in interface
fault conditions,>® and Mort transitions.”® The resistance
changes between the metal electrode and the oxide cause
by a various mechanism including Schottky, Poole—Frenkel
and Fowler—Nordheim.

Erstwhile, the better understanding of the working mech-
anism for resistive switching in oxides is vital in develop-
ing RRAM materials application in neuromorphic devices,
but it has not been clearly explained. Interface defects is an
important issue in trapping/detrapping type switching
mechanisms, which require investigation to understand the
phenomenon of insulation or semiconductor oxide struc-
tures between metal electrodes. As reported in previous
studies, unipolar and bipolar resistance effects conversions
were shown in ZnO films. In current research, the resis-
tance of the manufactured device was switched by placing
the tungsten tip in direct contact with the Top electrode
(TE)-exposed NFZO surface as shown in Fig. 1(a). Fol-
lowing that, it is feasible to conduct a sequential spectro-
scopic study of difference in electronic structure at the bare
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surface are possible.!”

In general, piezoelectric force microscopy (PFM) can be
applied to investigate the corresponding polarization
switching behavior.''® For memory applications, the
retention and stability of the device is a major issue. There-
fore, this study explores the maintenance of RS behavior,
possible factors affecting RS retention and relaxation in
NFZO thin films, including the electroforming process,

scan rate and scan time.

2. Experimental Section

2-1. Materials and deposition condition.

100 nm thick NFZO sample was deposited on TiN/SiO,/
Si substrates at a deposition temperature of 100°C and
operating pressure of ~ 1 Torr using a Lucida D100 system
thermal ALD (NCD Technology, Inc. Korea). Precursors
for the Zn, O and N reactants were Diethyl zinc (DEZ, EG
Chemical Co., Ltd., Korea), deionized water (DI water)
and dimmed NH,OH, respectively. The deionized water
(50 mL) and diluted hydrogen chloride (0.5 mL) (33-40%
HF diluted in water) were mixed to prepare a homemade
E.'® The chiller was used to deliver DEZ at less than 10 °C.
As carrier gas, high purity N, (99.999%) was used with a
flow rate of 20 sccm (standard cubic centimeters per min-
ute). The ALD growth supercycle of NFZO thin film is
DEZ pulse (0.1 sec) — N, purge (10 sec) — NH4OH pulse
(0.1 sec) — N, purge (10 sec) — DEZ pulse (0.1 sec) —
N, purge (10 sec) — NH,OH Pulse (0.1 sec) — N, purge
(10 sec) — DEZ pulse (0.1 sec) — N, purge (10 sec) —
H,O/HF pulse (0.1 sec) — N, purge (10 sec). The ALD
growth cycle was adjusted to produce the desired thin film.

2.2. Characterization of Thin Films

Examining the thickness, phase formation and crystallinity
of the NFZO thin films was done by X-ray diffraction anal-
ysis (XRD, D / MAX-2000, Rigaku) utilizing Cu Ka radia-
tion and Scanning electron microscopy (SEM, JSM-600F,
JEOL) respectively. To measure the RS behavior of NFZO
thin films, a two-probe measurement equipment and a semi-
conductor device analyzer (Agilent BIS00A) were used.

The experimental setup is shown in Fig. 1. NFZO films
were investigated by using SPEM, O 1s Near X-ray
absorption microstructure (NEXAFS), ultraviolet photo-
electron spectroscopy (UPS) (He I radiation 21.22 eV) and
photoemission spectroscopy in an ultra-high vacuum
chamber of the beamline 8A1 at the Pohang Accelerator
Laboratory after switching between HRS and LRS regions
with tungsten tips in air. To measure the repeatability of
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these characteristics, we switched from the HRS region to
the LRS region after ten sweeps, respectively.

SPEM was measured by focusing a monochromatic x-
ray with a Fresnel zone plat. The spatial absorption distri-
bution of a horizontally polarized beam was measured to
obtain SPEM images. In SPEM measurements, incident
beam with energy 529 eV was used to identify local HRS
and LRS regions. The beam flux was about 109 photons s,
and the SPEM's spatial resolution was about 500 nm x 300
nm. PES and NEXAFS in the detected HRS and LRS
regions were measured by focused x-ray beams. Within the
switched area, the NEXAFS of the NFZO thin film was
measured with polarized photons at normal incidence hori-
zontally. The UPS measurements were taken at a 45° angle
of incidence with normal emission to the surface. With
CCD cameras and manipulators, the photon beam was
smaller than 500 mm in diameter and focused at the switch
area.

The local piezoelectric response was investigated by
using conductive Pt/Ir-coated Si cantilever tip along with a
piezoelectric force microscopy (PFM: Nanoscope V multi-
mode, Bruker). A PFM operating in lock-in mode at 20
kHz with an applied drive voltage of 10 V was used to
acquire the PR amplitude distribution over a local surface
area of 3 x 3 pm?. The amplitude values obtained by PFM
measurements were adopted to estimate the out-of-plane
piezoelectric coefficients ds;.

3. Results and Discussion

3.1. Resistive Switching Characteristics

In previous research demonstrated there was no RS prop-
erties in just the ZnO.'" In addition, previous research sug-
gested NFZO favored the production of p-type ZnO
because fluorine can delocalize N acceptor states and pro-
vide shallower acceptor levels in ZnO."'® Fluorine is
especially appealing because it can passivate V, in addition
to being a donor dopant for ZnO.'” Consequently, we
respectively used N and F as the acceptor and donor to
generate the acceptor-donor complex for the production of
p-type ZnO.'"Y The I-V characteristics of NFZO shown in
Fig. 2(a) present the effect of RS due to swift set and reset
process. To The resistance changes was observed at volt-
ages of +5.9 V and -5.4 V, respectively. In Fig. 2(a), the
initial state is changed from HRS to LRS by positive bias.
If a negative bias is applied after the LRS transition, it
starts at HRS and switches back to LRS. The function of
oxygen vacancies may induce a change in the height and/or
width of the barrier or help controlling the carrier concen-



Resistive Switching Properties of N and F co-doped ZnO 55

@ HRS or LRS area
~ 500 point switching

Tungsten tip:
+ 7 voltage sweep

.
-

-
.
"teanmast®

=)
- e
f8%s00anannanansnt?

Fig. 1. Scheme of sample preparation for measurement. The
resistive switching measured using W tip (5 mm tip
diameter).

tration.'®!”) In p-type oxide semiconductors, for example,
oxygen vacancies are considered acceptor scavengers.
Therefore, oxygen vacancy concentration decrease at the
interface under a positive bias field narrows the depletion
region in the NFZO, which leads to reduction in contact
resistance, resulting in counter-clockwise 1-V characteris-
tics.

To understand the switching mechanism in NFZO, the I-
V curve for positive forward bias region was plotted at the
log-log scale as follows (Fig. 2(b)). The HRS conduction
mechanism shows IocV correlated to ohmic conduction
under the low electric field, subsequently IocV?, which
may be due to a space charge limited conduction (SCLC)
mechanism corresponding to the nonuniform energy or
spatial distribution of electron traps.”” Since SCL conduc-
tion is related to trap located at the ZnO interface and a pri-
mary operating mechanism that does not induce changes at
the interface region, which is recommended due to limited
conduction such as bulk at the interface. Resistive switch-
ing of ZnO thin films has been reported to be associated
with oxygen deficiency.?!*?

HRS is well described by the SCL conduction mecha-
nism, which suggests a change in the Schottky-type barrier
region from defects localized by electron charge/discharge
to the surface area along with hysteresis behavior. Nor-
mally, traditional single-carrier injection SCL trap con-
trolled conduction was not considered trapped carrier
retention behavior after bias removal and the significant
rise in current when transitioning from LRS to HRS. As a
result, in this work, the interface Mott transition switching
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Fig. 2. (a) Resistive switching for W-probe/NFZO/TiN under 0 —
+7— 0— -7— 0 V DC voltage sweep, (b) The log-log
I-V curve of NFZO device in the positive-voltage region.

mechanism was investigated. Metal-insulator transitions
are exceedingly intricate processes, and a variety of operat-
ing mechanisms, including electron correlation, defect
trapping/de-trapping, and combinations thereof, can occur
in RRAM devices. In this case, metal and insulating states
can coexist, and the device's I-V characteristics show high
nonlinearity and memory effects.

Chan et al. reports the band structure analysis that II-VI
semiconductors has cationic vacancies demonstrated mott-
insulation behavior in Zn compounds and show the possi-
bility of ferromagnetic interactions between local spins
among the vicinity of zinc vacancies Vy,. This Vy, pre-
sented in the ZnO acts as a trap for interface switching area
and has a vital role on carrier transmission. During HRS,
the trap center was devoid and ready to seize the charged
carrier. When negative forward voltage was applied, elec-
trons were trapped by Vg, and/or clusters, causing the
interface area to change into the metal state and the NFZO
to be converted to LRS.
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Fig. 3. (a) Resistive switching for W-probe/NFZO/TiN under 0 —
+7 — 0 —-7 — 0 V voltage sweep; (b) Initial I-V curve
in HRS, (c) I-V curve in HRS after 10 resistive switching
cycle, (d) Initial I-V curve in LRS, (e) I-V curve in LRS
after 10 resistive switching cycle.

3.2. SPEM and UPS Analysis of N, F Co-doped ZnO

The RS phenomenon is widely documented to be spa-
tially non-uniform. As a result, an experiment was carried
out to investigate the geographical distribution of the RS
area on the sample surface in order to answer the prior
issue. Scanning photoelectron microscopy (SPEM) studies
were performed with in the locally switched area after
switching to HRS or LRS exploiting tungsten tips individ-
ually on the sample surface as shown in Fig. 1. The SPEM
studies of samples switched after 10 cycles in the HRS and
LRS regions was presented in Fig. 3(a).

Fig. 4 shows SPEM images from O 1s photoemission
spectroscopy (PES) on NFZO sample surface depending
on the RS cycle. The dark areas in Fig. 4(a, b) represent the
HRS region, and the bright areas in Fig. 4(c, d) the LRS
region. The spatial absorption distribution of a horizontally
polarized beam was measured to obtain SPEM images.
The incoming beam's energy was adjusted at 529 eV in
SPEM experiments to produce a distribution map of the
HRS and LRS areas. The spatial resolution of SPEM was
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Fig. 4. Scanning photoemission microscopy (SPEM) for O 1s on
NFZO film surface within the resistive switching pattern,
image size = 20 x 20 um; (a) Initial SPEM image in HRS,
(b) SPEM image in HRS after 10 resistive switching cycle,
(c) Initial SPEM image in LRS, (d) SPEM image in LRS
after 10 resistive switching cycle.
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Fig. 5. Deconvolution of PES O Is spectra with a micro beam; (a)
Initial O 1s spectra in HRS, (b) O 1s spectra HRS after
10 resistive switching cycle, (c) Initial O 1s spectra in
LRS, (d) O 1s spectra LRS after 10 resistive switching

cycle.

about 500 nm x 300 nm. Dark areas with an detected size
of about 2 to 5 um show HRS, which should relate to
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increased oxygen deficiency concentrations.

The complete spectrum of O 1s PES taken with a tiny
beam inside the dark area (HRS) and inside the bright
region (LRS) is shown in Fig. 5. As expected, the spectrum
determined within the dark and light areas could be seen to
reduce oxygen vacancy for LRS versus HRS. This is
expected to be due to a redox reaction between the tung-
sten tip and NFZO.

Fig. 6(a) shows the ultraviolet photoelectron spectros-
copy (UPS) of the NFZO thin film in LRS and HRS states.
When binding energy (BE) of ~10.3 eV, it began at the Zn
3d level, and BE < 9 eV was attributed to the O 2p occu-
pied state. The O 2p function at nearly BE 8§ eV includes
mostly of the O 2p bonded state that hybridizes with the Zn
4s orbit, whereas the function near the valence band (VB)
edge (~3 eV) consists primarily of the non-bonding O 2p
state. BE in the O 2p state at the VB edge (~3 eV) exhib-
ited a minor change by the same quantity + 0.1 eV in the
LRS state. This change appears as a decrease in oxygen
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Fig. 6. (a) Ultraviolet photoelectron spectroscopy (UPS) of the
NFZO thin film in LRS and HRS states, (b) the X-ray
absorption fine structure (NEXAFS) of the NFZO thin film
in LRS and HRS states.

vacancies as it changes from HRS to LRS. Fig. 6 (b) shows
the Near edge X-ray absorption fine structure (NEXAFS)
of the NFZO thin film in LRS and HRS states. According
to the results of O 1s NEXAFS analysis in region I,
absorption is observed in the edge part of the LRS state
region compared to the HRS region. This is anticipated to
be related to reduction producing a defect condition in the
conduction band. The energy region 2 is mainly due to the
O 2p hybridization with the Zn 3d states located at the bot-
tom of the conduction band.

It is known that N, F tends to occupy vacant oxygen sites
and decrease oxygen vacancies in ZnO and this can also be
explained by the piezoelectric analysis of these films. To
confirm this, we examined the piezoelectric behavior of the
pristine and doped samples and PFM microscopy has been
used. Fig. 7(a) shows an increased in piezoelectric response
seen which could be due to the substitution of O with N
and F atoms in the host lattice could lead to lattice distor-
tion that arises from Zn-O bond changes and improved
local electric field after doping.”® Moreover, similar results
are also observed by Wang et al. that the increase in oxy-
gen vacancies leads to decrease in piezoelectric potential **
Both samples exhibit 180° phase difference which supports
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good attributes of a reversible electric polarization shown
in phase hysteresis loop of Fig. 7(b). These types of char-
acteristics observed in NFZO could be helpful in develop-
ing new kinds of piezoelectronics and ferroelectric non-
volatile memory device applications.

4. Conclusion

Spectroscopic studies performed directly on the surface of
the NFZO proved a strong correlation to the resistive transi-
tion of these compounds. Our data analysis reveals that the
transition is due to the electric field-induced doping control
of the mott insulator. It is critical to highlight that our doping
process is similar to one that utilized in low-temperature
electrostatic doping in thin film transistors with transition
metal oxide channels. The doping accomplished here is non-
volatile and reversible at room temperature.
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