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In this work, the impact of temperature in the range from -40 °C to +150 °C on the
leakage mechanism and resistive switching voltages of 1T-1R HfO,-based devices is
investigated. By using incremental step pulses with an additional read and verify
algorithm, the devices are switched from the high resistive state (HRS) to the low
resistive state (LRS) and vice versa. In the HRS, the leakage current values are not
affected by the temperature, suggesting a tunnel-like conduction mechanism through the
filament constriction. By applying the Quantum-Point Contact (QPC) model this
temperature independence is attributed to compensation between the width and the height
variations of the tunnel barrier. In contrast to the HRS, the leakage currents values of the
LRS are decreasing linearly with raising temperature, suggesting a metal-like conduction
mechanism. Therefore, the On/Off ratio is slightly decreasing with increasing

temperature. Regarding the switching voltages, no impact of temperature was found,



ensuring stable switching cycles of the devices in the relevant temperature range for

applications.

. INTRODUCTION

Resistive Random Access Memories (RRAM) based on HfO, is one of the most
promising technology candidates for replacing Flash memories' . RRAM behavior is
based on the possibility of electrically modifying the conductance of a Metal-Insulator-
Metal (MIM) stack: the Set operation moves the cell into a Low Resistive State (LRS),
whereas Reset operation brings the cell back to a High Resistive State (HRS)> °. This
technology has shown fast low-power switching operations, high-integration density”
8 and compatibility with CMOS processes’. However, a complete understanding of
RRAM conduction mechanisms is still lacking.

For this purpose, a complete characterization in the relevant temperature regime
was performed in AC mode through the Incremental Step Pulse with Verify Algorithm
(ISPVA)'""2. In addition, DC mode characterization was performed in the same
temperature range, in order to extract the most relevant Quantum-Point Contact (QPC)
model parameters such as tunnel barrier height and width from the Current-Voltage

curvesB’ 14.

Il. EXPERIMENTAL

The 1T-1R memory devices are constituted by a select nMOS transistor

manufactured in CMOS technology (width of 1.14 um and length of 0.24 um), which



also sets the current compliance, whose Drain is in series to a resistive Metal-Insulator-
Metal (MIM) stack as illustrated in Fig. 1.

The resistive MIM cell is integrated above the metal line 2 of the CMOS process.
The MIM cell consists of a TIN/HfO,/T/TiN stack. The 150 nm TiN layers and the 7 nm
Ti layer are deposited by magnetron sputtering; the 8 nm HfO, layer is grown by Atomic
Layer Deposition (ALD) using an halide based precursor, resulting in an amorphous

HfO, film. The MIM cells area is 600 x 600 nm>.

Resistors

FIG. 1. TEM cross-sectional image of two neighbored 1T-1R devices with NMOS access

transistors and 0.6x0.6 um” resistive MIM cells.

lll. EXPERIMENTAL RESULTS AND MODELING

The electrical characteristics were obtained by means of a set-up based on the

Keithley 4200-SCS semiconductor characterization system working together with the



Cascade PA200 semi-automatic probe system. In order to ensure a reliable accuracy for
statistical calculations 60 1T-1R devices were characterized.

In order to perform the AC mode characterization in the temperature range from
-40 to + 150 °C, the Incremental Step Pulse with Verify Algorithm (ISPVA) was applied.
This technique consists of a sequence of increasing voltage pulses (Vpuise = 0.2 -5V,
Viiep = 0.1 V, Tpuise = 10 ps, traise = 1 1s) to the Drain terminal during Set operation,
whereas this sequence of pulses is applied to the Source terminal during Reset operation,
as illustrated in Fig. 2. The applied transistor Gate voltage values were Vg =2.8 V and
Vi = 1.5V, respectively. After every pulse a Read-verify operation is performed with Vg
= 1.5V, VRread = 0.2 V (applied at the Drain) for 10 us. When the Read current reaches
the target value of 10 pA the Set operation is stopped, whereas the Reset operation is
stopped when the target value of 2 A is achieved. Both Programming and Reading

operations in ISPVA are performed at the same temperature.
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FIG. 2: Incremental Step Pulse with Verify Algorithm (ISPVA): Pulses were applied with
increasing Vg from 2 V up to 3.5 V with AV equal to 0.1V and Tpuse = 10 ps until the

threshold values for HRS and LRS are achieved.



In order to illustrate the impact of the temperature onto the inter-cell variability',
the cumulative probability of the LRS and HRS currents after applying the read and
verify operation is evaluated. As shown in Fig. 3, the HRS currents are not impacted by
temperature. In contrast to the HRS state, there is a clear increase of the dispersion and

the mean value of the LRS current state with decreasing temperature.
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FIG. 3. (Color online) HRS and LRS current cumulative probabilities in AC mode at the
selected temperature values. The target current values for the set and reset operations are

also marked.

Fig. 4 illustrates the variability of the LRS currents at the selected temperatures of
-40, + 25 and + 150 °C. The LRS threshold value of 10 pA is used at all measurements;
therefore a kind of accumulation occurs next to the threshold value of 10 pA at
temperatures higher than 25 °C. With increasing temperature, the variability of the read-

out distribution is strongly reduced.
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FIG. 4. (Color online) Distribution of LRS current values in AC mode at (a) -40, (b) 25
and (c) 150 °C.

The average current values of the HRS and LRS as function of temperature are

illustrated in Fig. 5. Concerning the LRS, a slope of about -10 pA/°C was obtained,

which means that the conduction mechanism of the LRS is metallic-like'®. This linear



temperature dependence was already reported by Walczyk et al.'” (HfO, deposited by
Atomic Vapour Deposition) and evaluated based on'’:

1
1+R2Rs[l+p(T'To)]

(D

Iigs =

where R}, is the LRS resistance at To = 293 K and p is a temperature coefficient. In

1."? did not find that reduction of the LRS leakage. This disagreement

contrast, Puglisi et a
in temperature behavior could be caused by the differences in the used measurement
techniques. The slope of the HRS is, with 10 pA/°C, 100 times lower than the LRS one,
suggesting a tunnel-like conduction mechanism®. Caused by the impact of temperature

on the LRS, the On/Off ratio slightly decreases from 8 at -40 °C to 7 at +150 °C. Walczyk

et al."” reported an even higher reduction (from 20 to 5).
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FIG. 5. (Color online) Average values of the HRS and LRS currents as function of

temperature.

In order to ensure that the temperature impact on the LRS of the 1T-1R device is
solely caused by the MIM resistor, the nMOS transistor is investigated separately. The

gate voltage of 1.0 V was chosen, which is different to the voltage values used for



Set/Read (1.5 V) and Reset operations (2.8 V). But, the different MIM resistance values
in LRS and HRS, connected in series with the select transistor, cause a similar voltage
drop in Vpg of the transistor. The drain current of the nMOS device in the temperature
range of interest is shown in Fig. 6. The Drain current of about 22 pA is not affected by
the change of temperature. Therefore the linear increase of the LRS current in Fig. 5 is
caused by the metallic behavior of filamentary based leakage mechanism and not by the

transistor itself.
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FIG. 6. (Color online) Drain current of the nMOS select transistor as function of

temperature.

As illustrated in Fig. 7, the switching voltages Vgres and Vs are not affected by
the increase of temperature. This temperature independent behavior of both operations
provides very good devices stability in the relevant temperature range, which is desirable

for applications of the RRAM technology.
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FIG. 7. (Color online) Average values of the Set and Reset switching voltages and their

variation with temperature.

The measurement mode only impacts the filament conduction (based on oxygen
vacancies'®) in a quantitative way but not in the conduction mechanism itself. Therefore
Current-Voltage HRS characteristics measured in DC mode were used to analyze the
conductive filament properties by applying the QPC model at the considered temperature
range". In this measurement mode double voltage-sweeps were applied on the
Source/Drain terminals (Reset/Set operation, respectively), while recording the Current-
Voltage curves. The first sweep (programming step) starts at 0 V and stops at 5 V with a
step of 0.05 V, whereas the second one (read out step) follow the opposite voltage trail
recording the current in the new state (HRS/LRS, respectively). The applied voltage

values Vg were the same as in DC mode, respectively.
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FIG. 8. (Color online) Schematic illustration of the conductive filament shape after the

Reset process.

QPC model is based on the idea that there is a constriction point in the filament in
HRS. This point is defined as an energy barrier. Both the filament and the energy barrier
are characterized by three main parameters: ¢ is the barrier height at the constriction, a is
related to the barrier curvature (assuming a parabolic longitudinal potential) thus with the
barrier width, and B takes into account how the potential drops at the two ends of the
filament. Fig. 8 illustrates the conductive filament shape after the reset process. The

relationship between them can be seen in the model HRS current equation'*:

,HRS:% {em 1 m[ 1+explafgp— ger]) }} @

a |1+ exp{a[¢ +(1- ,H)eV]}

The fitting parameters were extracted from 60 devices. By means of Eq. (2) a
fitting process was performed with a Least Mean Square algorithm over each HRS
Current-Voltage curve. The baseline values were taken from A. Grossi et al.'>. Then the
fitting process was performed applying successive refinements. The average and

dispersion values of ¢ and a are shown in Fig. 9.
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FI1G. 9. (Color online) Average and dispersion values of the (a) ¢ and (b) a parameters and

(c) their product ¢ A as function of temperature.

QPC parameters variation shows two opposite temperature effects that change the
barrier shape in the constriction point of the filament in HRS'®. The extracted parameter a
is proportional to the width of the barrier [13]. At higher temperatures, the barrier height
is increased, whereas the width of the barrier is decreased, as schematically illustrated in
Fig. 10. In LRS, the top of the barrier is supposed to be under the energy reference level
(E =0 eV), being the conduction in the constriction point ballistic-like. This theoretical
explanation would be consistent with the fact that the conduction through the oxide in
LRS state is dominated by the metallic-like conduction attributed to the filament.

Although the parameters a and ¢ were extracted independently from the V-
characteristics, there is a clear correlation between these two parameters [21], which
could be captured by assuming that the product of a and ¢ is constant, as illustrated in
Fig. 9c. The strong temperature independent correlation indicates that there is a real

correlation between width and thickness of the conduction filament’s constriction.
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FI1G. 10. (Color online) Schematic view of the barrier shape at the filament constriction

point, considering (a) low and (b) high temperatures.

Finally the dimension of the constriction point is evaluated by using the barrier
parameters: the length (d) and the radius (r) (see Fig. 8). The length is comprised between

0.51-0.46 nm and the radius between 0.35-0.31 nm.

IV.CONCLUSIONS

The temperature dependence of the conduction mechanism and the switching
parameters of 1T-1R HfO,-based devices have been investigated. The corresponding
measurements were done in AC mode to figure out the temperature characteristics in
application-like conditions and as well as in DC mode for applying the Quantum Point
Contact model.

Concerning the leakage current characteristics, the impact of temperature on LRS
and HRS is different. In the case of HRS, a tunnel-like conduction mechanism in the
filament constriction is supported by a compensation effect between two QPC

parameters. In the case of LRS, a metallic-like conduction mechanism is observed,

12



supported by the linear temperature dependence of the current. Moreover, this
phenomenon causes a slight reduction of the On/Off ratio with increasing temperature.

Regarding the behavior of the switching voltages, the temperature variations did
not impact the Set and Reset voltage values, which is of high importance for stable

RRAM operation.
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