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Step tunneling enhanced asymmetry in asymmetric electrode
metal-insulator-insulator-metal tunnel diodes
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The impact of nanolaminate insulator tunnel barriers on asymmetric metal workfunction

metal-insulator-insulator-metal (MIIM) devices is investigated. We demonstrate experimentally that

bilayer insulators introduce additional asymmetry and can be arranged to either enhance or oppose

the asymmetry induced by the asymmetric workfunction electrodes. It is also shown that step

tunneling can dominate the I-V asymmetry of M1IIM2 diodes. By combining bilayer tunnel barriers

with the standard approach of asymmetric metal electrodes, we are able to achieve low voltage

asymmetry and non-linearity exceeding both that of standard single layer asymmetric electrode

metal-insulator-metal devices as well as symmetric electrode M1I1I2M1 devices. VC 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4799964]

Thin film metal-insulator-metal (MIM) tunnel devices

have seen renewed interest for high speed applications1–3

such as infrared (IR) detectors,4–6 optical rectennas for IR

energy harvesting,7–9 and hot electron transistors,10 as well

as for macroelectronic applications such as backplanes for

liquid-crystal displays (LCDs).11,12 For many of these appli-

cations, highly asymmetric and non-linear current vs. voltage

(I-V) behavior at low applied voltages is desired. The stand-

ard approach to achieving asymmetric I-V characteristics in

tunnel devices is to use metal electrodes with different work-

functions (UM) to make M1IM2 diodes where UM1 6¼UM2, to

produce a built-in voltage, Vbi¼ (UM1�UM2)/e (where e is

the electronic charge) across the tunnel barrier.13,14

However, the amount of asymmetry achievable using this

approach is limited by the DUM that can be obtained using

practical electrodes. An alternative approach to achieving

asymmetric and non-linear operation involves engineering of

the tunnel barrier so that electrons tunneling from one metal

electrode to the other are presented with a different barrier

shape depending on the direction of tunneling/applied bias

polarity.15 Formation of an asymmetric tunnel barrier can be

accomplished using nanolaminate pairs of insulators, each

having different band-gaps and band-offsets, to produce

metal-insulator-insulator-metal (MIIM) devices. Very recent

work has shown that insulator heterojunctions can be used to

produce asymmetric I-V behavior in symmetric metal elec-

trode M1I1I2M1 diodes.16–18 It has not been shown whether a

bilayer insulator tunnel barrier can be combined with asym-

metric workfunction metal electrodes to produce M1I1I2M2

diodes with superior I-V asymmetry. In addition, whereas

asymmetry due to resonant tunneling has been studied,

asymmetry due to step tunneling, a step reduction in tunnel

distance in a bilayer insulator tunnel barrier, has not yet been

experimentally demonstrated. In this work, we investigate

the combined effect of bilayer tunnel barriers and asymmet-

ric electrodes in M1I1I2M2 tunnel diodes.

Much previous work on MIM diodes has focused on

native oxides of rough polycrystalline metals.1–7,14,16,18,19

We recently showed that roughness at the bottom metal-

insulator interface can dominate the I-V behavior of MIM

diodes and that the use of atomically smooth bottom electro-

des combined with high quality insulators deposited via

atomic layer deposition (ALD) allowed for fabrication of

high quality MIM diodes with well controlled quantum me-

chanical tunneling.20,21 Therefore, we fabricate M1IIM2

diodes using smooth amorphous metal ZrCuAlNi (ZCAN)

bottom electrodes22 and nanolaminate insulator bilayers of

HfO2 and Al2O3 deposited via ALD. We demonstrate that

bilayer insulator tunnel barriers enable tuning of the current

vs. voltage (I-V) asymmetry and non-linearity via a step

reduction in the minimum tunnel distance at the applied bias

at which tunneling may begin to occur through only the

wider band-gap insulator layer. We find that I-V asymmetry

and non-linearity are sensitive to the arrangement of the indi-

vidual insulator layers with respect to the larger and smaller

workfunction electrodes (e.g., M1I1I2M2 vs. M1I2I1M2) and

that bilayer tunnel insulators can be arranged to enhance or

oppose the built in asymmetry of the asymmetric workfunc-

tion electrodes.

MIM and MIIM diodes were fabricated on Si substrates

capped with 100 nm of thermally grown SiO2. A 150 nm

thick ZCAN bottom electrode was deposited directly on the

SiO2 via DC magnetron sputtering using a Zr40Cu35Al15Ni10

metal target. ZCAN RMS and peak roughness were meas-

ured to be 0.3 nm and 3 nm, respectively. Next, thin oxide

tunnel barriers were deposited via ALD using a Picosun

SUNALE R-150B. Trimethylaluminum (TMA) and tetrakis

(ethylmethylamino) hafnium (TDMAHf) were used as the

metal precursors for Al2O3 and HfO2, respectively. All ALD

films were deposited at a chamber temperature of 250 �C
using deionized water as the oxidant. Nanolaminate bilayer

barriers were deposited in one continuous run without break-

ing vacuum. Finally, top electrodes were formed by evapo-

rating Al dots (�0.8 mm2) through a shadow mask. Insulator

thickness on Si was measured with a J.A. Woollam

WVASE32 spectroscopic ellipsometer using a Cauchy

model. Transmission electron microscopy (TEM) images

were taken on a FEI Titan 80–200 using samples prepared

with a Quanta 3D Dual Beam focused ion beam. Metal

workfunctions (UM) were measured in air using a KPa)Electronic mail: jconley@eecs.oregonstate.edu
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Technology SKP5050 scanning Kelvin probe with a 2-mm

tip and calibrated against a gold standard. UZCAN was meas-

ured to be approximately 4.8 eV. DU (UZCAN � UAl) was

measured to be approximately 0.6 eV, confirmed by extrac-

tion from the slope of Fowler-Nordheim (FN) plots. I-V

analysis was conducted at room temperature on a probe sta-

tion in a dark box using an Agilent 4156C semiconductor

parameter analyzer; the noise floor of this system is esti-

mated to be on the order of 102 pA. As shown in the sche-

matic device cross section inset in Fig. 1(a), the ZCAN

bottom electrode (M1) was always held at ground with bias

applied to the Al top gate (M2). To mitigate the impact of

displacement current, all I-V curves were swept from zero

bias to either the maximum positive or negative bias.

Two key figures of merit are defined to characterize the

devices. First, I-V asymmetry, g, is defined as negative de-

vice current divided by positive current jI�/Iþj so that g¼ 1

indicates symmetric operation. Second, non-linearity, fNL, is

defined as (dI/dV)/(I/V). All band diagrams were simulated

using the Boise State University Band Diagram program.23

Materials’ parameters used in simulations are consistent with

values reported for similar ALD films: electron affinity

(v)¼ 1.3 eV, bandgap (EG)¼ 6.4 eV, and relative dielectric

constant (j)¼ 7.6 for Al2O3; v¼ 2.5 eV, EG¼ 5.8 eV, and

j¼ 18 for HfO2; and UAl¼ 4.2 eV.

The behavior of the individual insulators was first meas-

ured in single layer MIM diodes. Shown in Fig. 1 are plots

of (a) log (J) vs. V and (b) log (g) vs. V for M1IM2 diodes,

where the bottom electrode M1 is ZCAN, the top electrode

M2 is Al, and I is an approximately 3.5 nm or 10 nm thick

single layer of either Al2O3 or HfO2. As expected, the total

current flow in Fig. 1(a) is a rough function of the relative

barrier heights (see band diagrams shown as inset in Fig.

1(b)). In Fig. 1(a), the dominance of FN tunneling is

apparent from the presence of the “knees” in the log (J)–V

data at positive and negative biases, which are followed by

several orders of magnitude of exponentially increasing

current. Not shown, FN plots of ln (I/(VþDA)2) vs.

1/(VþDA) confirm that Al2O3 and HfO2 devices are domi-

nated by FN tunneling in the post turn on regime.13 Due to

the asymmetric workfunction electrodes, the devices are

expected to show asymmetry. In Fig. 1(b), it is seen that the

10 nm Al2O3 diode shows a maximum g (gmax) of approxi-

mately 1350 at 4.1 V. Although the Al2O3 devices show excel-

lent g at higher biases, asymmetric operation at low voltage is

desirable for many applications, including energy harvesting.

As seen in Fig. 1(b), decreasing the tunnel barrier thickness to

3.5 nm resulted in decreased turn on voltages and increased

current. However, gmax was not improved, most likely due to

the increased influence of direct tunneling. Since decreasing

the dielectric thickness in a single layer MIM diode does not

improve asymmetry, another strategy is required.

Shown in Fig. 2 are cross sectional TEM images of

ZCAN/Al2O3/HfO2/Al M1I1I2M2 devices in (a) and (c), and

ZCAN/HfO2/Al2O3/Al M1I2I1M2 devices in (b). For each in-

sulator bilayer, 56 ALD cycles were used to deposit Al2O3

and 65 cycles were used to deposit HfO2, targeting a thick-

ness of 5 nm for each layer. The TEM images in (a) and (b)

reveal that while the top insulator layer is indeed approxi-

mately 5 nm thick, in each case, the insulator layer deposited

directly on the ZCAN bottom electrode is only approxi-

mately 3.5 nm thick. The reduced thickness is due to an inhi-

bition of the ALD nucleation rate on ZCAN as compared to

that on oxide. Also visible in the high resolution TEM

images is the presence of an approximately 2 nm thick inter-

facial layer (IL) between the ZCAN and the insulator. This

layer was previously determined to be composed of ZrOx.22

Fig. 2(c) is a lower magnification image of the device from

(a), revealing the smooth nature of the ZCAN/Al2O3 border

over an extended range. We previously found that a smooth

interface is critical to achieving high yield, high quality

MIM tunnel devices.20,21

FIG. 1. Plots of (a) log (J) vs. V and (b) log(g) vs. V for single insulator

MIM devices. Inset in (a) shows a schematic device cross section. Inset in

(b) shows equilibrium band diagrams.

FIG. 2. Cross sectional TEM images of (a) and (c) ZCAN/Al2O3/HfO2/

Al M1I1I2M2 devices and (b) a ZCAN/HfO2/Al2O3/Al M1I2I1M2 device. In

each device, 56 ALD cycles were used to deposit Al2O3 and 65 cycles were

used to deposit HfO2.
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Shown in Fig. 3 are (a) log (J) vs. V, (b) log (g) vs. V,

and (c) fNL vs. V plots for ZCAN/3.5 nm Al2O3/5 nm

HfO2/Al M1I1I2M2 and ZCAN/3.5 nm HfO2/5 nm Al2O3/Al

M1I2I1M2 diodes. For reference, also shown are the 10 nm thick

single insulator Al2O3 and HfO2 M1IM2 diodes from Fig. 1.

The inherent asymmetry of the bilayer insulator barriers is evi-

dent in the equilibrium band diagrams shown in Figs. 3(d) and

3(e). Differences in the I-V and g characteristics are qualita-

tively explained by the band diagrams, which illustrate the ap-

proximate onset of step tunneling, tunneling through only the

wider band-gap Al2O3 layer, at positive and negative biases.

First, we consider the ZCAN/Al2O3/HfO2/Al M1I1I2M2

device, in which the larger band-gap Al2O3 layer (I1) is adja-

cent to the larger workfunction ZCAN electrode. Application

of approximately þ3.1 V (Fig. 3(d), right) should bring the

Fermi level of the ZCAN to just above the conduction band

of the HfO2 so that direct tunneling may occur through only

the 3.5 nm thick Al2O3 layer, a step reduction in the required

tunnel distance. For application of an opposite polarity

�3.1 V bias (Fig. 3(d), left) electrons tunneling at the Fermi

level must pass through both insulating layers. A larger cur-

rent is thus expected at positive bias than at an equivalent

magnitude negative applied bias so that g< 1 is expected.

This is observed in Fig. 3(b). Note that the polarity of the

asymmetry (g< 1) is reverse that of the single Al2O3 layer

(g> 1), indicating that the asymmetry of the bilayer insulator

barrier not only opposes that of the built-in voltage induced

by the metal workfunction asymmetry (DU) but also over-

whelms its impact on device operation. Tunnel current is

exponentially inversely dependent upon the barrier height

(I/ exp(ub
�3/2)).13 Since uAl-HfO2<uZCAN-Al2O3, for appli-

cation of higher magnitude biases, the negative bias current

will begin to increase more rapidly than the positive bias cur-

rent and it is expected that the slope of the g-V plot will

decrease.13 In Fig. 3(b), it is seen that for application of 4 V

bias, the slope of the g-V plot has decreased.

Next, consider the reverse orientation ZCAN/HfO2/

Al2O3/Al M1I2I1M2 device, in which the larger band-gap

Al2O3 layer (I1) is now adjacent to the smaller workfunction

Al electrode. Now with �2.8 V applied to the Al gate

(Fig. 3(e), left), the Fermi level in the Al gate lies just above

the conduction band of the HfO2 and electrons injected from

the Al may directly tunnel through only the Al2O3 layer

(again representing a step reduction in tunnel distance). On

the other hand, for þ2.8 V applied to the Al gate (Fig. 3(e),

right), electrons injected from the ZCAN electrode must pass

through both insulator layers. Thus, a smaller current is

expected at positive bias than at an equivalent magnitude

negative bias so that g> 1 is expected, again confirmed in

Fig. 3(b). In this case, the asymmetry of the bilayer insulator

barrier enhances the built-in asymmetry of the DU and g is

increased over that of the single Al2O3 layer M1IM2 diode.

Note that since uAl-Al2O3>uZCAN-HfO2, at higher magnitude

applied biases, the current density will begin to increase

more quickly under positive bias than negative bias and the

slope of the g-V plot will be expected to decrease. This

behavior is confirmed in Fig. 3(b).

In Fig. 3(c), it is seen that all devices exhibit excellent

fNL with the bilayer ZCAN/HfO2/Al2O3/Al M1I2I1M2 diode

showing the highest maximum non-linearity (fNL-max� 27).

This device also shows enhanced fNL at low negative bias

exceeding that of single layer Al2O3 and HfO2 devices,

consistent with its enhanced g. The reverse insulator stack

orientation ZCAN/Al2O3/HfO2/Al M1I1I2M2 device shows

improved fNL over the single layer Al2O3 M1IM2 diode at

low positive bias and reduced fNL at negative bias, consistent

with the polarity of its g. Below �j2 Vj, the single layer

HfO2 device shows the best fNL consistent with its lower

turn-on voltage.

Shown in Fig. 4 are (a) log (J) vs. V, (b) log (g) vs.

V, and (c) fNL vs. V plots for thinner insulator bilayer

ZCAN/Al2O3/HfO2/Al M1I1I2M2 and ZCAN/HfO2/Al2O3/Al

M1I2I1M2 diodes. The HfO2 and Al2O3 layers in these devi-

ces were deposited using 32 and 28 ALD cycles, respec-

tively. The estimated thicknesses of the bottom and top

insulator layers are �1 nm and �2.5 nm, respectively. For

FIG. 3. Plots of (a) log (J) vs. V, (b) log (g) vs. V, and (c) fNL vs. V for ZCAN/3.5 nm Al2O3/5 nm HfO2/Al M1I1I2M2 and ZCAN/3.5 nm HfO2/5 nm Al2O3/Al

M1I2I1M2 diodes. M1IM2 diodes with single 10 nm layers of either Al2O3 or HfO2 are included for comparison. (d) and (e) are band diagrams illustrating

MIIM diodes under negative bias (left), equilibrium (center), and positive bias (right).
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reference, also plotted are the approximately 3.5 nm thick

single insulator layer Al2O3 and HfO2 M1IM2 diodes from

Fig. 1, which were deposited using 56 and 65 ALD cycles,

respectively. The behavior of these thinner bilayer devices is

qualitatively the same as for the thicker devices. However, in

all cases gmax is reduced, behavior that was also seen for the

single layer MIM devices. Once again for the ZCAN/Al2O3/

HfO2/Al M1I1I2M2 device, the insulator bilayer opposes the

DUM induced asymmetry. At voltages greater than about

2.5 V, g< 1 for the M1I1I2M2 device opposite to the g> 1 of

the neat Al2O3 MIM device. For the reverse insulator orien-

tation ZCAN/HfO2/Al2O3/Al M1I2I1M2 device, the asymme-

try induced by the DUM is once again enhanced by the

bilayer insulator tunnel barrier, resulting in an g of higher

magnitude than that of the neat Al2O3 MIM device.

As seen in Fig. 4(c), reducing the tunnel barrier thick-

ness results in improved fNL at small biases for all devices.

This is due primarily to the lower turn on voltages and higher

conductivity of these devices (see Fig. 4(a)). The relative

improvement for the bilayer devices is even greater than for

the single layer devices—as compared to single layer Al2O3,

both of the thin MIIM devices show enhanced low bias fNL

for both polarities. Both MIIM devices have their highest fNL

for the bias polarity at which the step reduction in tunneling

distance occurs. For the ZCAN/Al2O3/HfO2/Al M1I1I2M2

devices, fNL is highest at positive bias, while for ZCAN/

HfO2/Al2O3/Al M1I2I1M2 devices, fNL is highest at negative

bias, consistent with g data.

Overall, the thin bilayer ZCAN/HfO2/Al2O3/Al device,

despite reduced gmax and fNL-max as compared to the single

layer Al2O3 device, shows excellent low voltage characteris-

tics with g> 10 and fNL> 5 at voltages as low as 0.8 V. For

comparison, Maraghechi et al.16 recently reported g� 10 at

3 V and fNL< 5 at 0.8 V for a symmetric electrode Cr/2 nm

HfO2/2 nm Al2O3/Cr diode.

It is clear that bilayer insulators can have a significant

impact on M1IIM2 device operation. Examining more

closely the ZCAN/Al2O3/Al band diagram inset in Fig. 1(b)

and considering asymmetry due only to tunneling based con-

duction, the onset of FN tunneling should be roughly at the

same voltage, independent of insulator thickness. However,

in Fig. 1(b), it is seen that while significant asymmetry

occurs above about 3 V in the 10 nm Al2O3 device, signifi-

cant asymmetry occurs above about 1 V in the 3.5 nm Al2O3

device. While part of the reason for this may be the increased

thickness of the Al2O3 reducing conduction below the noise

floor of our measurement system, another possible explana-

tion for this discrepancy could be the thin ZrOx IL between

the ZCAN electrode and the overlying insulator (see Fig. 2

as well as Ref. 22). Because of this IL, even the nominally

single layer devices might be, in fact, bilayer devices. To

model the potential impact of the ZrOx IL, band diagrams

similar to those in Fig. 3(e) may be used, if HfO2 is replaced

with 2 nm of ZrOx and an Al2O3 thickness of approximately

either 3.5 nm or 10 nm is used. For ZCAN/2 nm ZrOx IL/

Al2O3/Al bilayer devices, the minimum voltage for the step

reduction in tunneling distance is simulated to be approxi-

mately �2.25 V. However, in the thicker device, the elec-

trons must tunnel through a 10 nm thick Al2O3 layer, while

in the thinner device, the electrons tunnel through only an

approximately 3.5 nm thick Al2O3 layer. Tunneling current

is exponentially dependent upon the inverse of the barrier

thickness (I / exp(1/dox)).13 Thus, in the presence of the

ZrOx IL, the onset voltage for tunneling based asymmetry is

expected to be reduced as the thickness of the Al2O3 layer is

reduced. Looking again at the single layer Al2O3 devices in

Fig. 1, it seems evident that I-V characteristics and g were

impacted by the presence of the ZrOx IL, although it is also

possible that emission based conduction mechanisms24 or

barrier lowering in the ultrathin device structure, not consid-

ered here, may play a role. The IL layer likely plays a role in

the nominally single layer HfO2 device as well, but since the

EG and v of HfO2 are likely similar to the EG and v of the

ZrOx IL, its impact is more difficult to predict.

In conclusion, we have experimentally demonstrated

that ALD nanolaminate bilayer tunnel barriers add additional

asymmetry and can be used to tune I-V asymmetry and non-

linearity in asymmetric metal electrode M1IIM2 devices via

step tunneling. I-V asymmetry and non-linearity were found

to be sensitive to the arrangement of the individual insulator

layers with respect to the asymmetric workfunction metal

electrodes (M1I1I2M2 vs. M1I2I1M2). The bilayer insulators

can be arranged to either enhance or oppose the built in

asymmetric electrode workfunction induced asymmetry,

depending on whether the smaller v insulator is adjacent to

the smaller or larger UM electrode, respectively. By combin-

ing two methods of producing asymmetry, asymmetric metal

electrodes and a bilayer insulator tunnel barrier, we were

able to achieve excellent low voltage asymmetry and non-

linearity in a ZCAN/HfO2/Al2O3/Al diode exceeding both

that of standard single insulator layer asymmetric electrode

M1IM2 devices as well as symmetric electrode M1I1I2M1

FIG. 4. Plots of (a) log (J) vs. V, (b) log (g) vs. V, and (c) fNL vs. V for ZCAN/Al2O3/HfO2/Al M1I1I2M2 and ZCAN/HfO2/Al2O3/Al M1I2I1M2 diodes. Al2O3

and HfO2 layers were deposited using 28 and 32 ALD cycles, respectively, resulting in an estimated total stack thickness of 3.5 nm. M1IM2 diodes with approx-

imately 3.5 nm thick layers of either Al2O3 or HfO2 are included for comparison.
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devices. It is very likely that the relative thickness of the

layers in the bilayer may be used to further enhance asym-

metry. These results represent clear experimental demonstra-

tion that the asymmetry and non-linearity of MIIM diodes

with asymmetric workfunction electrodes can be tuned by

controlling step tunneling in the bilayer insulator, thus repre-

senting an advancement in the understanding necessary to

engineer thin film MIIM tunnel devices for microelectronics

applications.
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