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In this study, resistive switching behaviors of Ag/SiN/p*-Si device were investigated by adjusting
nitrogen concentration and layer thickness. The device with a nitrogen concentration of 50% and a
thickness of 10 nm has a typical bipolar resistive switching behavior with a low forming voltage
(~ 4 V), a high on/off ratio (~ 10%), an excellent endurance (>10?) and a long retention time (>10°s).
According to I-V characteristics analyses, electric transports in both a high resistance state and a low
resistance state are dominated by hot electron emission which is caused by the electron trapping and
detrapping through immovable nitrogen-related traps. The temperature dependence of a resistive
switching behavior not only illustrates the existence and importance of the traps, but also discovers a
new phenomenon of the transition about the polar of a resistive switching method. Surely, more efforts
need to be made for deeper understanding of the carrier transport in SiN thin films.
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INTRODUCTION

Recently, resistive random access memories
(RRAMS) based on various kinds of materials have
attracted great interest for their potential applications
in the next generation nonvolatile memories [1-7].
As early as 1982, the resistive switching (RS) beha-
vior in silicon-based thin films was studied [8]. In
recent years, many investigations about silicon-
based RS memory have focused on the intrinsic
amorphous Si and various doped Si-based thin films
due to their compatibility with the standard comple-
mentary metal-oxide-semiconductor (CMOS) tech-
nology [9-13]. To be exact, Chang and colleagues
investigated the resistive switching characteristics
and mechanism in active SiOy-based resistive
switching memory [9]. Then, Kim and colleagues
discovered and reported different sides of SiN-based
RS memory. An obvious RS phenomenon in
Ag/SisNg/Al memory was observed in 2010 [10],
and a fully transparent SiN-based memory cell was
fabricated using ITO/SIN/ITO capacitor in 2012
[11].

In 2008, Jo and colleagues designed a nanoscale
RS memory structure based on planar silicon, which
shows the excellent potential of application for
RRAM with high vyield, fast programming speed,
high on/off ratio, excellent endurance, long retention
time, and multibit capability [14]. Hong and
colleagues studied the effect of the work function
difference between top and bottom electrodes on the
resistive switching properties of SiN films [15].

Nitride-based RS memory is characterized by a
low-voltage operation, a high thermal conductivity,
good insulating properties, and a wide optical
bandgap [16]. Moreover, there are a lot of nitride-

related traps in silicon nitride, which may be more
suitable for application in RRAMs among various
Si-based RS materials [16]. In our previous work
[1], the growth condition of a dielectric layer was
studied by changing the sputtering atmosphere,
growth temperature, sputtering power, sputtering
time, etc. Therefore, we employed a similar method
to study the effect of nitrogen concentration and
layer thickness in SiN thin films. Then, we chose the
device with the best RS properties among
Ag/SiN/p*-Si devices to investigate the conduction
mechanism in a low resistance state (LRS) and a
high resistance state (HRS). Finally, the temperature
dependence of RS characteristics was investigated
for a better understanding of a switching mecha-
nism.
EXPERIMENTAL DETAILS

A single crystal silicon wafer with a thickness of
~ 300 um and a resistivity of ~ 0.0015 Q.cm was
used as the substrate and the bottom electrode. The
schematic diagram of the Ag/SiN/p*-Si device is
shown in Figure 1. After being cleaned by the
standard RCA cleaning technology [17], a SiN thin
film was deposited by a radio frequency (RF) reac-
tive magnetron sputtering method. The base pressure
of the vacuum chamber was better than 3.0x10° Pa.
The deposition was implemented in the argon and
nitrogen pressure of 1.0 Pa with the sputtering power
of 100 W and the growth temperature of 500°C.
During the sputtering, the total flow of the gases was
30 sc/cm, and argon and nitrogen worked as working
gas and doped gas, respectively.

The deposition rate was about 2.0 nm per minute.
Finally, Ag, the top electrode, was defined by depo-
siting an Ag film (~ 500 nm) using a thermal evapo-
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rator system through a shadow mask with a diameter
of 1.0 mm to complete the full device structure.
More information about the device is given in
Table 1. The electrical measurement of the
Ag/SiN/p*-Si devices was performed using a digital
sources tester (Keithley 2601), with the temperature
range from 77 K to 300 K. During the electrical test,
the bias voltage was applied on the top electrode
while the bottom electrode was always grounded.

Fig. 1. Schematic diagram of Ag/SiN/p*-Si device.

Table 1. Other deposition conditions for Ag/SiN/p*-Si
devices

Sample Nitrogen Content Layer Thickness

number (No/Ar+N,) (nm)
Sample 1 60% 20
Sample 2 50% 20
Sample 3 40% 20
Sample 4 30% 20
Sample 5 50% 10
Sample 6 50% 30

RESULTS AND DISCUSSIONS
Nitrogen concentration

Figure 2 shows the forming process (the insula-
ting HRS changes into a stable reversible switching
state) of devices with SiN thin films deposited at
different nitrogen concentration. The forming
voltage obviously increases with a higher nitrogen
concentration. When the nitrogen concentration is up
to 30% (N2/(N+Ar)), the forming voltage is higher
than 8 V. It is well known that a high forming
voltage is harmful to devices because a complex
external circuit is needed to be designed so as to
protect devices. The inset in Fig. 2 shows the statis-
tical distributions of the forming voltage for four
devices. In order to illustrate the relative fluctuation
of the forming voltage, we define a function (o/p),
where o is the standard deviation, u the mean value.
The values of o/p are 18.6%, 15.3%, 17.5%, 27.6%
for Samples 1, 2, 3, and 4, respectively. Obviously,
Sample 2 has the lowest values of the forming
voltage and of o/p.
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Fig. 2. Forming process of Ag/SiN/p*-Si devices deposited at
different radios of N,/Ar: 12/18, 15/15, 18/12, and 21/9 for
Samples 1, 2, 3 and 4, respectively. The inset shows the statisti-
cal distributions of the forming voltage for four devices.

During the electrical measurements, different
devices with different nitrogen concentrations show
different yields (a possibility for devices to have
stable bipolar RS behaviors), and the result is shown
in the inset in Figure 3. It is worth mentioning here
that Sample 2 with a nitrogen concentration of 50%
has the highest yield. In addition, we compare the
RS behaviors of Samples 1, 2, 3 and 4 in the form of
I-V curves. All the four devices show typical bipolar
RS behaviors. The value of Vser (the threshold
voltage which transforms the device state from a
HRS to a LRS) increases from 2.05 V to 4.58 V,
with the nitrogen concentration decreasing from
60% to 30%. Also, the resistance in a LRS similarly
increases from 883.6 Q to 3497.6 Q. During the
endurance tests (not shown here), we found that
Sample 2 with a nitrogen concentration of 50% can
endure more than 100 stable DC voltage sweepings.
Therefore, it is enough for us to assume that
Sample 2 with a nitrogen concentration of 50% is
worth being a subject for a deeper research among
those four devices.

Fig. 3. Typical bipolar RS behaviors of Ag/SiN/p*-Si devices
with different nitrogen concentrations. The inset shows the yield
of four devices.



Thickness of silicon nitride thin films

The thickness of SiN thin films plays an
important role in RS behaviors [16]. Figure 4a
shows a bipolar switching response for the three
devices with different thicknesses of SiN thin films.
With the thickness increasing from 10 nm to 30 nm,
the Vger increases from 1.85 V to 3.5 V and the
Veeser decreases from -0.63 V to -1.7 V. This is
similar to the phenomenon of the Ag/SisN4/Al
memory cells [16]. Kim and colleagues consider this
phenomenon to be attributed to the increasing num-
ber of vacant traps for a thicker SisNg film.
Endurance tests of three devices are shown in
Figure 4b. The stability of resistance in a HRS and a
LRS for Sample 5 is much better than that of
Sample 2 or Sample 6. For Sample 2 and 6, the
resistance in a HRS of both devices has a greater
change after 60 switching cycles. The on/off ratio
for the three devices is nearly 10% 10° and 10%
respectively, and the retention time of Sample 2 is
larger than 10°s. Afterwards, Fig. 4c is used to illus-
trate the statistical distributions of the resistance in a
HRS and a LRS. From Fig. 4 it is clear that
Sample 2 has the smallest fluctuation of resistance in
a HRS and a LRS, when comparing the values of
o/u among the three devices.

Among the investigated devices, Sample 2 shows
the best RS behaviors. Consequently, Sample 2 was
chosen to analyze the conduction mechanism, and
the fitting analyses of -V curves are shown in
Figure 5. The slope of the fitting line in a LRS is
about 0.899 as shown in Figure 5a. On the other
hand, the experimental data of a HRS can be well
fitted with the Schottky emission and the Poole-
Frenkel emission as in Figure 5b. The slope is ~ 7.62
and ~ 4.93 for the two models when the bias voltage
sweeps from 0 V to Vger. Based on the Schottky
emission and the Poole-Frenkel emission, a hopping
process about the electron trapped in nitride-related
traps is dominated due to the existence of a large
number of nitride-related traps in SiN thin film [16].
When an electrical field is applied on the devices, a
large number of electrons are injected from the bot-
tom electrode into the SiN thin film. Then, electrons
with enough energy jump over barriers, but some
electrons get trapped by defects in the film. The dif-
ference of the Ag/SiN/p*-Si device compared to the
SiOy-based memory device is in the conductive
behavior in a LRS [9]. The conduction mechanism
of the SiO,-based memory device in a LRS invaria-
bly obeys the Ohmic law due to the continuous hop-
ping between oxygen vacancies. Therefore, the
Poole-Frenkel conduction mechanism is ascribed to
the distribution of immovable nitride-related traps
no matter with or without the help of an electric
field.
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Temperature dependence of SiN-based RS device

In order to understand the RS mechanism of the
Ag/SiN/p*-Si device, the temperature dependence of
the RS behavior was investigated. During the
cooling process, the Ag/SiN/p*-Si device (Sample 5)
had a traditional bipolar RS behavior at temperature
above 205 K. But it switched from a bipolar mode
into a unipolar mode at 205 K, as shown in
Figure 6a. For a negative bias voltage sweeping
(0 V to -2 V), the initial resistance state is a HRS,
and the device switches to a LRS when the voltage
is higher than -1.13 V. When the voltage sweeps
back, the device has the reset process at -1 V, which
is different from that at room temperature. The
device needs more than two bias voltage sweepings
to switch the resistance state successfully, and it still
has a unipolar RS behavior in the negative bias if the
measurement temperature is lower. The same phe-
nomenon can also be observed in the low tempera-
ture electrical measurement of Samples 2 and 6, as
shown in Figs. 6b and c, respectively. The transfor-
mation temperature is 210 K and 215 K for the two
devices, respectively. So far, this phenomenon has
not been reported, but we guess it is caused by an
interior electric field in the SiN thin film.

Guan and colleagues inferred that the resistive
switching behavior of the ZrO,/Au/ZrO; structure is
ascribed to the electron trapping and detrapping in
nc-Au dispersed in ZrO,, with an interior electric
field built in the ZrO, layer [18]. However, the
details and mechanism of the interior electric field
have not been clear enough. Figure 7 shows the
schematic diagram of the electrons transport
behaviors for the Ag/SiN/p*-Si memory device.
When the negative bias voltage is applied on the
Ag-TE in a low range, electrons are injected and
trapped by the immovable nitrogen-related traps.
Owing to high barriers in the interface between the
SiN thin film and p*-Si, few electrons could jump
over the barriers to be collected by the bottom
electrode, and the device stays in a HRS. When the
nitrogen-related traps near the interface collect
enough electrons and this part comes into a negative
state, an interior electric field begins to be created.
Then, the device does not turn into a LRS until the
applied voltage counteracts the interior electric field,
and the hopping conduction is dominated in the SiN
thin film. In addition, a set process will happen if the
applied voltage can not help the electrons pass
through the interior electric field. This theory can
explain this phenomenon well enough for Samples 5
and 2. But further studies need to be done to work
out the problem of Sample 6.

Figure 8 shows the temperature dependence of
resistance in a LRS and a HRS for the Ag/SiN/p*-Si
devices. It is clear that the resistance in a LRS
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Fig. 4. (a) 1-V curves of Ag/SiN/p*-Si devices measured at room temperature. Thicknesses of SiN thin films of Sample 5, 2 and 6
deposited at the same atmosphere were 10 nm, 20 nm and 30 nm, respectively; (b) endurance characteristics of three devices;
(c) statistical distributions of resistance in HRS and LRS for three devices.

Fig. 5. (a) I-V curve for LRS of Sample 2 fitted by Poole-Frenkel at room temperature; -V curve for HRS of Sample 2 fitted by (b)
Schottky emission and (c) by Poole-Frenkel.
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Fig. 6. I-V curves of Ag/SiN/p*-Si devices in low temperature electrical measurement at 205 K, 210 K, and 215 K for Sample 5, 2,

and 6, respectively.

Fig. 7. Schematic diagram of electric transport behavior for Ag/SiN/p*-Si device.

Fig. 8. Temperature dependence of resistance in (a) LRS and (b) HRS for Sample 5. Insets in Fig. 8 (a) and (b) are Arrhenius plots
for the current-temperature curves measured in LRS and HRS, respectively.

decreases with the temperature raising and the rela-
tionship in a HRS between the resistance and tem-
perature obeys the same law. This fitting line of the
resistance decreasing with temperature strongly sup-
ports the idea that a semi-conduction is the dominant
mechanism driven by nitrogen-related traps in the
RS layer [19-20]. The temperature dependence of
the current in a semiconductor is given by

| = Ioexp(%} 1)

where k is Boltzmann constant, ¢, the thermal activa-
tion energy and T the absolute temperature. ¢; can be
extracted to be 111 meV and 25 meV from the
slopes of the Arrhenius plots for a LRS and a HRS,
as shown in the inset in Figs. 8a and b, respectively.
From the analyses of the temperature dependence of

the resistance in a HRS and a LRS, the hopping con-
duction based on the electron trapping and detrap-
ping by nitrogen-related traps is dominated in a HRS
and a LRS, and the barrier heights are 25 meV and
111 meV, respectively.

CONCLUSIONS

To sum up, we report the studies of the optimal
nitrogen concentration and layer thickness of the
Ag/SiN/p*-Si devices fabricated by the RF reactive
magnetic sputtering method. Based on the properties
of typical RS behaviors, the device with a nitrogen
concentration of 50% and a thickness of 10 nm
shows an excellent potential of application in the RS
memory device which has a low forming voltage
(~ 4 V), a high on/off ratio (~ 10%), an excellent
endurance (>10%), and a long retention time (>10°s).
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For the conduction mechanism, the Schottky and the
Poole-Frenkel emissions are the main behaviors for
the electronic transport in a HRS. Also, Poole-
Frenkel is still dominating in a LRS. Consequently,
the switching mechanism of the Ag/SiN/p*-Si device
is attributed to the electron hopping based on the
immovable nitrogen-related traps in the SiN thin
film. Besides, the discovery of the transition from a
bipolar mode to a unipolar mode at a low tempera-
ture is beneficial for deeper understanding of the
physical mechanism of the carriers transport in the
SiN thin films; however, more efforts need to be
done to clear the blurry pictures.
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[oBeneHre pe3UCTUBHOIO MEPEKIFOYAIOIIETO YCTPOii-
crBa Ha ocHoBe AQ/SiN/p*-Si uccnenosanu B ycioBHAX
pEryJIMpOBaHUsl KOHLECHTPALMU a30Ta M TOJIIHHBI CIIOSL.
VYerpoiictBo ¢ koHmeHTpamnuend azora 50% u ToNIMHOMN
10 EM mMeeT THUNHYHOE OHWMONAPHOE IOBEICHHUE pPE3H-
CTUBHOTO MEPEKIIoYeHHsT ¢ (OPMUPOBAHUEM HHU3KOTO
HanpsokeHust (~ 4 B), BBICOKOTO OTHOIICHHE BKJI/BBIKI
(~ 10°), otnmunas BeiHOCIMBOCTE (> 10%) M wmMTenBHOE
Bpems yaepxkusanms (> 10° ¢). B cooTBeTCTBHH C aHANH-
3amMu BAX, mepeHOC 3JeKTpUYeCcTBa, KaK B COCTOSIHUH
BBICOKOTO COMPOTHBICHHS, TaK ¥ B COCTOSHHH HH3KOTO
CONPOTHBIICHUsI OOecreynBaeTCs MpU  MpeodiIagaHuu
ropsiueii SMUCCHUH SJICKTPOHOB, BCIEICTBHE SJICKTPOHOB
3axBaTa U MX BBICBOOOXKICHHH HA HEMOJBM)XUMBIX, CBSI-
3aHHBIX C a30TOM JIOByIIeK. TeMIeparypHas 3aBUCHMOCTh
TIOBENICHUSI TP PE3UCTUBHOM IIEPEKITIOUCHUH HE TOJBKO
WLTIOCTPHPYET CYIISCTBOBAHUE M BAKHOCTH JIOBYILIEK, HO
U OOHapy)XMBaeT HOBOE SBJICHHE MEepeXofia IPH HCIIONb-
30BaHMU PE3UCTHBHOIO MeToda KOMMyTanuu. KonedHo,
HEOOXOIMMBI JTOTIOTHUTEIBHBIE YCHIINS U Ooee rry0o-
KOTO MOHMMAaHHS MEPeHOCa HOCHTENEH 3apsiia B TOHKHX
rienkax SiN.

Kmouesvie cnosa. Humpud KpemHusi, pe3ucmusHdasi
namMsims ¢ NPOU3BOTILHLIM OOCHYNOM, MeMNepamypHas
3A6UCUMOCTIb PE3UCMUBHO20 NOBCOCHUSI NEPeKIodame-
net.



