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The performance of ultra-thin atomic layer depakidéelectrics of low (AJOs) and high
(TaOs) electron affinity f) is investigated in metal-insulator-(insulator){aige or
MI(I)M, diodes. The conduction mechanisms in 4 nm thickn& layer deposited AD;
and TaOs single barrieMIM diodes are first studied to show the dominandemfeling
and thermally activated Poole-Frenkel emissioneesyely in these oxides. Varying the
layer thickness of T®s with a 1 nm thick layer of ADs, shows evidence for resonant
tunneling in double barrig¥llIM structures and is correlated with the simulatednido
states in the quantum well formed between the tvaedrics. These findings
demonstrate experimental work on barrier tuningredonant tunneling diodes with
sufficient rectifying capability at a turn-on vala as low as 0.32 V enabling their

potential use in terahertz applications.
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|. INTRODUCTION

Diodes based on tunneling through one or more @&sulayers are attractive
rectifying devices for electronics and energy hativng applications at terahertz (THz)
and infrared IR) frequencie§ offering rectification into these regimes dueteir short
tunneling transit time in the range of femtosecénBsie to their ultrafast operation,
these diodes are of interest for optical frequeaqmylicationd“ including infrared
detectiont® and solar energy harvestitfgIntegrating them into rectenna arragéfer the
distinct advantage over photovoltaics of harvestitgnergy during night time hours.
The main challenges remain in achieving sufficiamt-linearity, high asymmetry and
low dynamic resistan¢®to achieve sufficiently high efficiency. Resonamtneling RT)
can serve to bring further enhancement to the ntiagymmetry and non-linearitywith

demonstrated operation at THz frequenéiés

The device structure comprises of one or two digtetayers of a few nanometer
thickness sandwiched between two metal electrddesaim is to develop diodes with
sufficiently non-linear and asymmetric current dgngoltage (-V) characteristics which
can be achieved by the choice of the dielectrickthair thicknesses. Asymmetry is
defined as the ratio of the curreht &t positive bias to that at negative bias atagert

voltagef qsym = I./I_. The dynamic resistance is definedRgs= dV/dI. Non-

linearity is defined as the ratio of the statid§mamic resistancgy, = (V/I)/Rg.**

and needs to be greater than about tfiree

In this contribution, the conduction mechanisms ohating in 4 nm thick atomic

layer depositedALD) Al,O3 and TaOs are studied iMIM structures. With 1 nm of the



former and 1 to 4 nm thickness tuning of the latitee effect oRT onMIIM diode
performance is investigated experimentally by singlyhe effect of varying the

thickness of one layer in ailIM structure.

Il. FABRICATION

Devices with lateral area of 100x100 fiofi structures presented Table | were
fabricated on cleaned Corning glass substratestofphand bottom metal layers of 50 nm
thickness were deposited by thermal evaporatiayutiit a shadow mask. The,8k and
Ta,05 oxides were successively deposited over the botlestrodes bALD at a
temperature of 200 °C using deionized water agxidant for TaOs and ALO3 at
0.04s/10s pulse/purge time, tantalum ethoxide psecdor TaOs at 0.3s/2s pulse/purge
time, and trimethylaluminiumIMA) precursor for AlO3; at 0.02s/5s pulse/purge time.
The thicknesses of the dielectric layers were mrealsy variable angle spectroscopic
ellipsometry using ZLS-100 J.A. Woollam instrument. Tha-V measurements were
done in the dark using &gilent B1500 Semiconductor Device Analyzer on a
temperature controlled heating stage. Voltage wespsfrom 0 V with 10 mV step size

in negative and positive bias.

Table I. Device structure and layer thickness.

Bottom Al ;03 Ta,05 Top
Thickness [nir

S1 Au 4 - Al
S2 Al - 4 Al
S3 Cr 1 1 Al
S4 Cr 1 2 Al
S5 Cr 1 3 Al
S6 Cr 1 4 Al




[1l. Material Selection

The possible tunneling mechanisms in each struet@dlustrated schematically
using the energy band diagrams showhRlIi@. 1 considering literature values for the
work functions (4.2, 4.4°, and 5.1" eV for Al, Cr, and Au respectively) and electron
affinity, q'®, of 1.35 and 3.75 eV for AD; and TaOs, respectively. These values and a
dielectric constant of £&and 25°, for Al,O; and TaOs, respectively, have been used for
all theoretical calculations. When electrons ajedted from the bottom electrode (right
to left on the diagrams) at negative bias, theamntrin single barrier structures could be
driven by direct or Fowler-NordheinF)?* tunneling; the latter is depicted for the case
of S2 inFIG. 1. For double dielectric structures, this could tumo one-barrier step
tunneling? at sufficient negative bias as for S6 and S3.dpposite injection of electrons
at positive biaslRT may occur in double barridélIM structures when the quantum well
formed between the dielectrics becomes wide and deeugh to allow the formation of
bound statés enabling resonant tunneling. It is showrFiG. 1.b that these could be
achieved for S6 but not S3.:8); has a large conduction band offset withQ=
necessary to create the quantum well, which getenand deeper when it is thin enough

(2 nm) and when T&s is thick enough (4 nm).
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FIG. 1. Energy band diagrams (conduction band) sfrdctures at -1 (a) and +1 V (b).

Direction of electron injection is indicated by radows.

Despite the advantage of Al work function to cremtieep quantum well fé&tT
at lower voltage, the AFM images Big.2 reveal a large surface roughness of 2.8 nm,
which is not smooth enough for deposition of suth tielectric layers. The metals Cr
and Au serve better as bottom electrodes due iotiliea-smooth surface roughness of
0.42 and 0.44 nm root mean squaredl§) and their lower z-excursion peaks of 4.7 and
4.6 nm, respectively, which is necessary to avield intensification. These metals also
have high melting point as compared to the bottdiwi#ere the ALD growth of the
oxides at 200 °C on top of it might result in tbenfiation of interfacial layer. In addition,
a few nanometer thick native oxide layer growingamof Al when exposed to &fis
undesired. Despite its low surface roughness, usingith its large work function as a
bottom electrode iMIIM devices increases the metal-oxide energy bdovegring the
Fermi level of the emitter electrode so that norabstates in the quantum well could be

formed in the 1.5 V voltage range. The metal Craasrk function close to that of Al



and has a native oxide of very small bandgap wtazs not create a large conduction
band offset with T#Ds as Al. It is thus chosen as the bottom electrodedsonant
tunneling structures having the advantage of ttet#mooth surface and the possibility
of forming bound states in the quantum well witthie applied voltage range when used
in S6 structureRIG. 1.b). Using a few nanometer thick A2 of large electron affinity
(3.75 eV) and of large band offset with a 1 nan@mgtick ALOs (2.4 eV) allows the
guantum well to be tuned below the Fermi levelhaf ¢mitting electrode with the applied

bias.

FIG 2. AFM images scanned at 1x1 furgions of the as-deposited bottom layers Cr,

Au, and Al revealing aRMS average surface roughness of 0.42, 0.44, and2.8 n



IV.RESULTS AND DISCUSSION

A. Conduction mechanisms in the individual dielectrics

The possible presence of thermally activated mashemis first studied individually
in the single barrier structures of ,8; and TaOs. The J-V characteristics show
temperature insensitivity for SEIG. 3.a) and strong temperature dependence for sample
S2 FIG. 3.b). This indicates that the 4 nm thick 8k and TaOs are dominated by
tunneling and a thermal emission process, respgtiwhich is consistent with another
study?”®> done on 10 nm thick AD; and TaOs. The presence of thermally activated
mechanisms Schottky emissiofE] and Poole-Frenkel emissioRPHE) in S2 can be
examined using the logarithmic plots 672 andI/V versusV*? (FIG. 4) which showed
good linear fits with respect to their correspomdigoverning equatiof® Iz o«

AV1/2
pon —B) and Ippg « Vexp(

Av1/2
T

2
T“exp( .

— B) respectively whereA and B are

constants, with a regression coeffici&it> 0.995 over the same voltage range at both

polarities.
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FIG. 3.J-V characteristics of th®IM devices S1 (AlD3) and S2 (Tg0s), measured at

300, 325, 350, and 375 K.
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FIG. 4.PFE (a) and<E (b) plots of theMIM device S2 (T#0s) at 300, 325, 350, and 375

K.

The average optical relative permittivify,r, assumed to be equal to the square of the

optical index of refractiomn, of 50 nm thickALD deposited T#s and ALO3 on silicon



substrates was found to be 3.14 and 5.23, respéctivas extracted from the
spectroscopic ellipsometry measurements at roonpdeature in the 400-1200 nm
wavelength range. The equivalent dynamic relatieemittivity & of the 4 nm thick
Tay0O5 extracted from the slopes of tiBE plots FIG. 4.b) at 300 K in the 0.02-0.12 V
voltage range were far larger than the optical @sland thuSE will be ruled out for this
structure (S2). Only;, extracted fromPFE plots for &2 was self-consistent witky oy
using a trap compensation faéfo(CF) multiplied by KT in PFE equation rangirf§?°
from 1 to 2. This indicates the dominancd8fE in the 4 nm thick T#Ds ranging widely
from 0.25 to 1.5 V at both polaritie$gble I1).

Despite the work function dissimilarity of 0.9 ¥Mn S1, no noticeable asymmetry
could be observed due to the large barrier acrbesldws Al,Os; preventing the

occurrence oFN tunneling within the applied voltage randge@. 1).

Table Il. ExtractedCF whene; pre is matched ta; o (CFm), the voltage range in which
PFE fitting is done (Wrg), and the trap depth at zero bigsfor the 4 nm thick T#Ds at

negative (—) and positive (+) polarities at 300 K.

Bias CFk, Vere[V] qow [eV]
- 1.35 0.9
0.25-1.5
+ 1.81 0.53

The linear fit of the Arrhenius plot$I(G. 5) is used to extract the activation energy

(Ea) (FIG. 6) associated with the dominant oxide trap in S2chsuhat Ippp <

Vexp(;—;’Ea) wherek is the Boltzmann constant afidis the temperature in K. The



average trap deptit zero biag, extracted at positive bias for the 4 nm thitkD Ta,Os
(Table 11) was close to the 0.58 eV extracted for 10 nmkthAtD T&0s in other
studie$>*® PFE is a bulk limited process and should ideb#yindependent of voltage
polarity. The polarity dependence apparenfi6. 3.b therefore, could be related to the
difference in interfacial roughness of the top &ottom electrodes which intensifies the
electric field leading to lowering of the effectibarrier height and hence increasing the

current®,
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FIG. 5. Arrhenius plots of th®IM device S2 from O to +1.5 (a) and to -1.5 V (bpat
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B. Barrier tuning of double dielectric diodes

The effect of varying the individual layer thicksesf TaOswith a 1 nm thick AJOs3
dielectric can be observed in the rectifying cheastics shown ifrlG. 7. It should be
noted that the quantum well between the two digtelayers becomes wider and deeper
by either increasing the applied voltage or thekihess of the higl-oxide (S6) giving
rise to bound states in the quantum #elThe abrupt increase in tieV plots FIG. 7.a)
at positive bias of 0.32 V for the 4 nm thick,Da oxide could be attributed ®T. This
possibility is supported by the band diagramEli@. 1.b which indicate the probable
occurrence oRT at positive bias, when the energy of a bound stattee well is matched
to the states neighboring the Fermi level of thpAbcharge injecting electrode This
provides further evidence that the noticeable imeneent in asymmetry=(G. 7.b) and

non-linearity F1G. 7.c) for S6 is associated witRT.

11
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FIG. 7. The rectifying characteristics of thi#IM devices (S3, S4, S5, and S6) showing

the: (a)J-V characteristics, (b) asymmetry, (c) non-lineardtyd (d) dynamic resistance.
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FIG. 8. Simulated conduction band diagrams at ¥1showing 0, 1, 2, and 3 bound
states (dashed lines) for S3, S4, S5, and S6 rasggaising a work function difference

of 0.2 eV},

Sample S3 shows inadequate non-linearity and asyyinecause the width of the
guantum well in the device with 1 nm thick,0g is insufficient to accommodate a
bound state in the range of the applied volt&d&(1.b). FIG. 8 shows the simulated
conduction band diagrams, the wave function inthéedielectrics (sinusoidal waves),
and the bound states for S3-S6 structures usitig-aouse modéf>* The first bound
state is predicted to be formed at an applied geltaf 0.89, 0.54, and 0.42 V for S4, S5,
and S6 respectively. Briefly, we use the tunnetingent equations and Tsu-Esaki
method® to calculate the bound states in the quantumwigtin the conduction band of
TaOs. We calculate the transmission probability by tia@sfer matrix method (TMA)
that is, solving the time independent Schrodinggraéion for each slice of the Tsu-Esaki

multi-barrier oxide. The transmission probabil#ytihen integrated in the energy domain,

13



applying the Fermi-Dirac statistics for occupan€glectrons in the metal contacts, to

calculate the current density.

In order to observe resonant tunneling, the quanteth(FIG. 8) needs to be
sufficiently wide and deep to accommodate at leastbound state. The model does not
take into consideration the charge trapping prediétom the domination d&¥FE in the
high« Ta0s of defect nature. Other possibilities to expldia abrupt rise in th&V
characteristics are stress-induced leakage cui4n€)*® and soft breakdown (SBB)
However, as no such rise in current could be oleskfor theMIM structures (S1-S2),
these mechanisms are unlikely to explain that eesefor theMIIM structures (S3-S6)

fabricated at similar conditions.

A voltageVon is defined as the point at which the current athyupcreases or at the
knee in the asymmetry plots. For S4, S5, andvggjs found to be 0.71, 0.5, and 0.32 V
at positive bias in reasonable agreement withtieeretical prediction of the formation
of a bound state. The decreas&#y with TaOsthickness is consistent with the
associated increase in the depth of the quantuimatvpbsitive bias as illustrated FG.

8. The larger current observed at positive biasSirS5, and S6 indicates that the overall
asymmetry is regulated by the dominanc&bfat positive bias over other conduction
mechanisms. The effect of resonant tunneling isieoéd in structure S6 with a quantum
well accommodating a number of bound states, attaia voltage, larger than that in
otherMIIM structuresKIG. 8). For this device, the increase in non-lineartiQ. 7.c)

and the drop in dynamic resistan€¢G. 7.d) were steeper at positive bias, whife

occurs FIG. 1.b), than at negative bias, where step tunneling rsc@uG. 1.a),

indicating the advantage of the prior mechanismedatification. As the T#Ds thickness

14



is varied, a trade-off is apparent between the asgtny, non-linearity, and lowpy and
the dynamic resistanc€IG. 7.d), which needs to be reduced for impedance matadhing
the THz rectenna. Accordingly, the choice of ariroptn RT structure should take into

consideration this trade-off depending on the a@pgibn.

V. SUMMARY AND CONCLUSIONS

Atomic layer deposited T@s and AbO3 oxides were used in single and double barrier
structures to identify and optimize their rectifyinperformance. The dominant
conduction mechanisms in 4 nm thick layers ofOAland TaOs were shown to be
tunneling in the former an®FE in the latter. There was self-consistent evidefore
resonant tunneling in double dielectric diodesiagisrom the noticeable enhancement in
non-linearity and asymmetry in agreement with timeotetical modelling. The effect of
RT was tuned according to the individual thicknessthef TaOs layer resulting in a
noticeable improvement in rectification as the quanwell becomes wider such as to
accommodate more bound states. Enhanced rectifyiatacteristics were observed at a
turn-on voltage as low as 0.32 V. It is feasiblattlexploitation of work function
engineering can further reduce the turn-on voltmgallow the zero-bias rectificatidh

necessary for energy harvesting in rectenna strestu
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