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Aluminum oxide layers as possible components for layered tunnel barriers
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We have studied transport properties of Nb/Al/AI®Ib tunnel junctions with ultrathin aluminum

oxide layers formed by(i) thermal oxidation andii) plasma oxidation, before and after rapid
thermal postannealing of the completed structures at temperatures up to 550 °C. Postannealing at
temperatures above 300°C results in a significant decrease of the tunneling conductance of
thermally grown barriers, while plasma-grown barriers start to change only at annealing
temperatures above 450 °C. Fitting the experimentdlcurves of the junctions using the results of

the microscopic theory of direct tunneling shows that the annealing of thermally grown oxides at
temperatures above 300 °C results in a substantial increase of their average tunnel barriers height,
from ~1.8 eV to~2.45 eV, versus the practically unchanged height-@f0 eV for plasma-grown

layers. This difference, together with high endurance of annealed barriers under electric stress
(breakdown field above 10 MV/cnmay enable all-AlQ and SiQ /AIO, layered “crested” barriers

for advanced floating-gate memory applications. 2804 American Institute of Physics.

[DOI: 10.1063/1.1763229

I. INTRODUCTION (U) are scattered rather broadly: for thermally grown oxides,
most results are in the range from 1.7 to 2.5 @¢e, e.g.,
Calculation$™® indicate that tunnel conductance of lay- Refs. 16—2% but values as low as 1.2 é¥and as high as
ered barriers, in particular those with “crested” potential 4.75 e\?* or even 20 eV° have also been derived from the
profile peaking in the middle, may be much more sensitive tajata. Similarly, for plasma-grown layers, most reported val-
the applied voltage than that of the uniform layérshis  yes of(U) are in the range from 1.7 to 2.3 eléee, e.g.,
sensitivity, if combined with high endurance to electric Refs. 24, 26—30! but numbers as high as 3.6 eV have also
stress, may be used in advanced floating-gate memories, ibeen claimed® The published results for the apparent barrier
cluding fast and scalable random access memoriest asymmetryAU=U .,—Unmin, are scattered even more, from
single- and few-electron memori&$ and ultradense data a few tenths of eV all the way up to 6 é¥and the only
storage systemsas well as for improvement of the usual apparent consensus is that the barrier is always higher at the
nonvolatile(e.g., “flash”) memories’® However, finding an  top (counterelectrodeinterface. Probably, the most impor-
appropriate combination of materials for crested barrier laytant source of these differences are peculiarities of the film
ers presents a challenge. Indeed, numerous experirtfents  fabrication, including the substrate temperat(itat has not
a review see, e.g., Ref. Lindicate that just a few known always been carefully monitorpdnd the counterelectrode
CMOS-compatible materials may combine the barrier heighinaterial. However, some result scattering may be also attrib-
sufficient for thermionic current suppression at room tem-yted to the variety of techniques used for barrier height mea-
perature(above ~1.5 eV), with the necessary high break- surement, including-V curve fitting,16v17119—2224'2527—38[10-
down field (above 10 MV/cm), and negligible trap-assisted toelectric effect®?%?® and ballistic electron emission
tunneling. To our knowledgésee also the recent theoretical spectroscop§? Some of these methods may give rather in-
calculationy,'* the list of such candidate materials is essen-accurate results. For example, as has been shown in our re-
tially limited to: (i) silicon dioxide, (ii) low-trap-density sili-  cent work??fitting of I-V curves of aluminum oxide barriers
con nitride that may be grown using special methBdS,  with Wentzel-Kramer-Brillouin (WKB) approximation re-
and (i) aluminum oxides grown by a variety of methods sults may lead to substantial errors, since such barriers are
including notably thermaf and plasm& oxidation. rather thin and sharp. These errors may be dramatically in-
The goal of this paper is to show that the aluminumcreased if lowv expansions of WKB formuld@é>3are used,
oxides represent a good material choice for fabrication ofs this procedure is highly vulnerable to minor additional
crested barriers. Experimental measurements of the most ingurrents due to inelasti@.g., trap-assist¢dunneling—see,
portant parameter in this context, the average tunnel barries.g., Fig. 5 and its discussion below. Our experience shows
height(U), have been reported for aluminum oxide layers inthat fitting the slope of the “Fowler-Nordheim plot” (Invs
quite a few publications. Unfortunately, the cited values of1/\V) of high-V data may also lead to very substantial errors.
The experimental information on the effective mass of the

aAuthor to whom correspondence should be addressed; electronic maifinneling electrons is even more limitésee the discussion
ecimpoiasu@notes.cc.sunysb.edu below).
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One more motivation for additional experimentation was
to study the effects of thermal postannealing of tunnel junc-
tions. It was noticed previously that thermal annealing may
improve tunneling magnetoresistance of junctions between
magnetic layers*~*° Some changes in the average barrier
height(U) at annealing were noticed in Refs. 34, 36, and
38-41. However, the change was typically small many
cases, due to low annealing temperatuse that no definite
conclusions could be drawn even about the sign of the effect.
Moreover, the uncertainty of the results, obtained using the
WKB expansiort>33is probably comparable with the barrier
change itself. Because of this reason, in this work we have
carried out detailed studies of tunnel barriers grown by ther-
mal and plasma oxidation of aluminum, and rapid postan- LN AL B L L L

Current Density (A/m?)
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7
nealed at various temperatures. 10 P e ©
€ 10°F
1. SAMPLE FABRICATION -y
AND EXPERIMENTAL TECHNIQUES = 10° b
The oxide layers have been grown on 2 in. silicon wafers % + [ssorc
(p~10 Q cm) covered by 500 nm of thermally grown SiQ 210 B, s orown 7
in a cryopumped vacuum system with a base pressure close g T ' /
to 2x10 "torr, as components of standard Nb-trilayer 3191 AIO_(PO)
junctions?? First, a 150-nm-thick niobium base film has been 100 L 'R ,, "
deposited using dc-magnetron sputtering at a rate of 1.6 5 483240 ' 3 4 5
nm/s. Then, without breaking the vacuum, a 10-nm-thick Voltage (V)

aluminum film has been deposited by the same method at a
lower speec{O.S nm/3. It is well knowr2 that at these con- FIG. 1. Experimental current density as a function of the applied dc
diti | . ts th iobi £ f . voltageV for Nb/AI/AIO, /Nb junctions with(a) thermally grown(Crest 5

iions a u_mmum W.e S € niobium suriace, torming a,.q (b) plasma-grown(Crest 19 oxide layers, before and after the rapid
smooth uniform coating. thermal anneals at indicated temperatures, as measured at 4.2 K. The noisy

After that, the aluminum film has been oxidized either flattening of the lower curve in pandb) at small voltages is due to leakage
. — 13

thermally (at room temperatuyeor in oxygen plasma. In the ©f our measurement setup la&10" ~A.
former case, a well-monitored amount of ultra-high-purity
(semiconductor-gradeoxygen has been let into the vacuum

chamber for a certain time. The same gas has been used fUres, using a special low-noise, high-sensitive setup. Voltage

the plasma oxidation, but in this case a 13.56 MHz SOUICE\veeps with gradually growing amplitude were used to char-
has been connected, via a tun_ed resonant circuit, to a d cterize transport up to the very onset of hard breakdown.
insulated copper plate on which the substrate had been
mounted. This has resulted in a 50 W rf plasma discharge
and wafer dc self-biasing to approximateh80 V relative to lll. EXPERIMENTAL RESULTS
AND THEORETICAL FITTING
the ground(vacuum chamber walls The wafer has been
kept at room temperature by its thermal anchoring to the Here we focus on comparing the results from two repre-
water-cooled copper plate. sentative wafers: “Crest 5{thermal oxidation for 40 min at
After the oxidation, the chamber has been pumped dowrd 00 Tor) and “Crest 19”(plasma oxidation for 10 min at 15
to the base pressure and a niobium 100-nm-thick countemTorr), both postannealed at temperatures up to 558°C.
electrode has been depositiedsitu in the same way as the The junctions, both before and after postannealing, were
base electrode. The fabrication had been completed blighly reproducible, with the rms on-chigjunction-to-
sample patterning into junctions of various ake#3x3, 30  junction) variation of low-voltage conductance from as low
%30, and 30300 um? using optical lithography with as 0.8%(considerably better than any published results we
PMMA resist and reactive ion etching in §Blasma. Here, are aware ofto ~20% (comparable with reported results—
the same photoresist mask was first used for the counter elesee, e.g., Ref. 44
trode shape definition using RIE, and later for a lift-off of a Figure 1 showd-V curves of representative junctions
sputtered 150-nm-thick Sidnsulation layer from the junc- from these two wafers, both before and after postannealing at
tion surface. The lift-off has opened contacts of junctionvarious temperature¢These data have been taken at helium
counterelectrodes with the following thicker niobium wiring temperature; however, the increase of temperature to 300 K
layer. changes the current only slightly—see Fig. Eirst of all,
After initial characterization, a few’85 mn¥ chips from  one can see that the annealing abov&00 °C leads to a
each wafer have been subjected to rapid thermal annealing sonsiderable improvement of the junction quality: the hard
inert atmospheréeither Ar or N,). Direct currentl-V mea-  breakdown voltagé/,, increases, and the'V curves show
surements of both as-oxidized and annealed junctions hawartually no hysteresis or “soft breakdown,” up t@,. (For

tbeen carried out at both room and helih2 K) tempera-
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FIG. 2. The nonlinear “dynamic” conductancgg(V)=dl/dV of a typical
450 °C-annealed sample from wafer Crest 5, measured at liquid helium and
room temperatures.

thermally grown oxides annealed at500 °C and beyond,
the hysteresis appears again, tholghcontinues to grow.
More quantitatively, the charge to breakdown, measured at
room temperature for samples annealed at 450°C staféG- 3. (a) High-resolution transmission-electron-microscope image of a

. . . 450 °C postannealed sample from wafer Crest 5 @dnagnified part of
above 16 Clen? (i.e., afew orders of magnitude higher than the layered structure with the position of the electron energy loss spectros-

the level typical for industrial grade SjObarriers® until  copy spectra indicated.
~2.1V for both Crest 5 and Crest 19 samples.
However, our most important observation is a dramatic
difference between the effects of annealing temperature upon
the thermally grown and plasma-grown oxides: while the
low-voltage conductance of the former junctions drops
sharply starting above-300 °C and decreases by almost six ~ Al (L)

orders of magnitude by 450 °€ the reduction in the latter
barriers is minornbelow two orders of magnitugleintil the -
annealing temperature has been raised-590 °C. In order '§ Nb (M) ]
to give at least a phenomenological interpretation of this ef- g cK 3
fect, we have used theoretical fits to extract essential tunnel G IS NV,
barrier parameters of the AlQayers. 2

The shape of -V curves of the sample&ig. 1), and § i 2 ]
their very weak temperature dependefEry. 2) are consis- ]
tent with the assumption of direct tunneling of electrons prenen 1

through the barrief® [This conclusion is also supported by 80 160 240 320 400
. . . . Energy Loss (eV)
the results of high-resolution microscoglyig. 3) and elec- N .
tron energy loss spectroscopy¥ig. 4) of the annealed
samples, showing a well-defined oxide layer with sharp in-
terfaces with both base and counterelectrgd€kis is why
we have fitted our experimental data with results of a “mi-
croscopic” (non-WKB) theory of such tunneling. Our gen-
eral computer algorithm is based on the joint solution of the
one-dimensional (1D) Schralinger equation (using the
transfer-matrix technigueand Poisson equation for tunnel-
ing electrond” However, we have found that the barrier o
shape modification by the charge of tunneling electrons is 200 300 400 500 600
very small. The exclusion of the Poisson solver from the Energy Loss (eV)
Coqe ma!(es it very fast: simulation of ohe/ curve 'n~190 FIG. 4. Results of the electron energy loss spectroscopy for two energy
points with a few-percent accuracy takes about 1 min on &@anges from the positions indicated in FigbB (1) Nb base electrodé?)
single-processor workstation. The code has been checked & middie of Al layer,(3) AlO, layer, and(4) Nb counterelectrode. The
the results for SiQ layers described in Ref. 48, and gave spectra are background subtracted, and corrected for multiple scattering con-
L. . ) ' . tributions. The carborK-edge present in all the spectra stems from the
similar results to those of the theoretical calculations in thaEarbon build-up during the spectrum acquisition and is not a feature of the

seminal paper. sample structure.

Counts (arb. units)
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Layor <> AU d, @ shown below is comparable with the estimated valae
@ V) (m) ~1 nm. For the best fitting, we have subtractgdrom the
. Qelwerit o f data (see the dashed lines in Fig), mlthough the fitting
. L results are appropriate even for the raw data.
240 03 057 4 As Fig. 5 shows, a relatively good fitting of the data may
be achieved with the traditional trapezoidak., one-layer
model of the barrier. However, better fitting is provided by
the potential profile approximation with twdor Crest § or

—
ooo
1

—
oa\
L

T Crests T Data

Specific Conductance (@' m?)
=}
T

| ris0°c Modited Deta. three (for Cres_,t 19 quea}r pieces, implyi_n_g a quered struc-
) T TR T TUTR P v ture of the oxide. This is not too surprising, since the com-
4 3 2 -1 0 1 2 3 4 plex interface chemistry, as well as trapped charge impurities
Voltage (V) (see, e.g., Ref. 54may provide interfacial layers with prop-
. PveSTeTTE erties different from the oxide bulk. Note that while the/
o 10T @ (m) curve fitting gives very definite results for the effective thick-
E 'k 1 Wﬁﬁrm nessde= (M/my)2d of the layers, it cannot distinguish the
% TN E&%‘ﬁﬂgg contributions tod,s from the effective masm of the tunnel-
§ 10 i 215 00 155§ ing electron and from the physical thicknesk of the
5 2k barrier>®
g = In order to estimaté (and hencem), we have used mea-
9 10°F (b) surements of specific capacitanCg of the annealed junc-
'§ 102k Crest 19 e/ T Data tions. The specific capacitance has turned out to be close to
& | r-4s0c —o— OmlarFt 2.8+0.7 uF/cnt for Crest 5 and 2.30.5 uF/cn? for Crest
107 Bl e 19. Assuming that the dielectric constant of the aluminum
432 V:lmgl (v§ 3 45 oxides is within the range®1 (cited in most publications

the capacitance values imply that the physical thickness of
FIG. 5. Fitting of the specific dynamic conductargg/)=A"1dI(V)/dV oxides is 2.85:0.75 nm for the thermal growth and 3.45

of postanneale50 °Q junctions with(a) thermally grown andb) plasma- +0.85 nm for the plasma oxidation. These estimates have
grown barriers with microscopic theory of direct tunneling. Dashed lines

show row data, lines with solid points—the data corrected for trap-assistepefen confirmed using hlgh-resolutlon' transmission elgctron
tunneling, curves with open circles show the best fits with one-lgyap- ~ Microscopy(HRTEM). For example, Fig. 3 shows two im-
ezoida) model, while those with open diamonds for more complex potentialages of a representative Crest 5 junction annealed at 450 °C.

profiles. The fitting parametefshe average barrier heighty), asymmetry The picture quality is affected by the fact that the base Nb
AU, and effective thicknessl.=(m/my)¥/?d] are listed inside for each

layer, from the base electrode up. _electrode is relatively thick and polycrystalline, S its surface
is uneven at a-few-nm scale. Nevertheless, the images reveal
an amorphous AlQlayer with a thickness of~3 nm, i.e.,
Figure 5 shows the results of the fitting of the voltagereasonably close to that extracted from capacitance measure-
dependence of the specific dynamic conductang®) ments.
=A"1dI(V)/dV for junctions of both types postannealed at Using the effective thickness determined by our fitting
450°C. The advantage of fitting the semil@yV) plots procedure(see Fig. 5 we estimate the effective mass (0.35
rather than the In(V) curves(Fig. 1) is that in the former +0.20)my for the thermally grown oxide and (0.55
case the peculiarities of low-voltage behavior are revealed: 0.25)m, for the plasma-grown oxide. These values are in a
more clearly—see also Fig. 2. They show, in particular, areasonable agreement with the theoretical resulin@.4f
minor “cusp” contribution G,,<|V|*~! to the conductance Ref. 56, but substantially lower than the valael.0mg,
(and hencel ,ocsgn{) x|V|* to currenj similar to that ob-  which may be deduced from the experimental results of Ref.
served and discussed by others—see, e.g., Refs. 46, 49—3I7, assuming that the average barrier height for those films
Figure 2 shows that this current component is more sensitivéhermally grown with UV stimulation and then annealed at
to temperature than the current at higher voltages, thougB50 °Q is the same as for our thermally grown layers an-
this temperature dependence is still much weaker than thatealed at the similar temperatur@robably, the reason of
for the Poole-Frenkel conductance mechariéfhough the  the discrepancy is that the above assumption is incorrect, i.e.,
exact identification of the physics of tHg component is that the UV stimulation increases the barrier height substan-
beyond the scope of this work, we believe that it is due to dially.)
type of hoppingtrap-assisted tunnelingtrongly affected by We have applied the fitting procedure described above to
the Coulomb interaction of the hopping electrons. In fact, itextract the average barrier height for both as-grown and post-
may be best fitted with the valuga=1.8+0.1 for Crest 5 annealed aluminum oxides. We found that the average barrier
and@=2.0+0.3 for Crest 19that are relatively close to that height(U) of the thermally grown oxide increases rapidly at
of the classical Mott-Gurney lawa=2) for space-charge- annealing temperatures above 300 °C: from an initial value
limited current®® A better agreement would be hard to ex- of ~1.8 eV (Ref. 29 to ~2.45 eV, and remains close to this
pect, since the Mott-Gurney model implies that the layervalue for all the higher annealing temperatures we have ex-
thicknessd is much larger than the localization radia®f a  plored(up to ~550 °Q. On the other hand, the average bar-
typical trap, and the thickness of our barrieds{(2—-3 nm as rier height of the plasma-grown oxide remains practically
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unchanged at around 2 eV. Semiquantitatively, this is directly
visible from the highV experimental data shown in Fig. 1,
since the barrier heighexpressed in electron voltss al-
ways closé’ to the voltage of the maximum positive curva-
ture of semilogarithmic plots Ihvs V, corresponding to the
crossover between tunneling through the barrier as a whole

—e—— Crest 5/ Crest 19
—=— 1.25nm SiO2 / Crest 1

G "
. ' 4.5 nm SO,
....... 3.5nm SO,

©
| N TN O T T T et Y Y Y Y Y O |

Current Density (A/mz), Time Scale (s)
>

at lower voltages, and the Fowler-Nordheim tunneling 10
through its unsuppressed part at higher 10°
10°
IV. DISCUSSION 10°
. : : 1010 ol -
The main result of our experiments is that the average 0 2 4 6 8 10 12

barrier height for thermally grown aluminum oxide layers, Voltage (V)

postannealed at temperatures close to 450 °C, is SUbStantiaHYG. 6. Tunnel current density=I/A (increasing with the applied voltage

(by ~25%) higher than that in the plasma-grown layers. Atv) and the recharging time constar C,V/J(V) (decreasing with voltage

this stage we do not have a unique explanation of this fadfor two layered tunnel barriers and two uniform Si®arriers, calculated

that could be reliably confirmed by experimental facts. HOW_qs_ing thg a_luminum oxide parameters shown in the inset of Fig. 5 and for
. . . silicon dioxide parameters taken from Ref. 48« 3.34 eV, m/my=0.35).

ever, in the light of the recent experimental X-ray I:)howel(_:‘c"l'he used dielectric constant values are 10 and 3.9, respectively.

tron Spectroscopy (XPS) studies®®® and theoretical

analysi§® of aluminum oxidation at various temperatures,

the following picture seems most plausible.

The oxides formed by both methods at relatively low 10° C/cn?, corresponding to more than 8l@ewrite cycles.
temperaturegbelow ~300 °Q are amorphou® while their ~ This option may be attractive for low-voltage flash memo-
rapid thermal annealing should lead to their gradual orderingsies, especially because there are good prospects of increas-
eventually leading to the formation of AD; nanocrystalgéas  ing the barrier endurance even further by using higher post-
in the case of high temperature oxidafiof?). There is an  annealing temperatur®sand/or Zr alloying of the barrierf%.
experimental and theoretical eviderté* that the amor- The results for optioniii), i.e., SIQ/AIO, barriers, are
phous phase is more stable at the metal/oxide interfacesyven more interesting. A{=23.2V (or highe) such a barrier
hence one can expect that the crystallization, leading tovould allow the floating gate to recharge in less than 1 ns,
higher tunnel barrier, starts first in the middle of the barrier.with voltage about 1.6 V across each layer. For electric fields
This fact is supported by the fact that the barrier profilesthat are so low, we could not even measure the charge-to-
giving the best fits for our tunneling data have a peak in théoreakdown experimentally, but a simple extrapolation of the
middle—see inserts on Fig. 5. One may expect the gradualigh-V data gives an estimate ef10'°C/cn?, correspond-
crystallization to depend on the initial state of the oxide. Ining to ~ 10" rewriting cycles, which are sufficient for RAM
particular, since the plasma oxide is formed in a more agiapplications. The drawback of these barriers would be a rela-
tated atomic environment, it should be more thermodynamitively short retention timg&~100 s at 1.5 V. Too short for
cally stable than the thermal oxide. As a result, its transfornonvolatile memories, this time is still sufficiently long for
mation into ALO; should happen at higher temperatufes ~ DRAM-like memories with periodic refresh.
possibly, at much longer annealing at the same These estimates should be, of course, looked upon with
temperature—the possibility that we have not yet explpred caution, since the calculations shown in Fig. 6 imply that the

Regardless of the reason underlying the different anneakwo layers, which had been grown and measured separately
ing behavior of the thermal and plasma oxides, this fact ofin our experiments, may be combined without a substantial
fers the possibility of using these materials in layeted)., change of their properties. It is more probable that the se-
“crested”) barriers for advanced floating-gate memories andquential deposition of the layers will cause at least a moder-
other applications Figure 6 shows the tunnel current density ate change of their parameters and, hence, a deviation from
J=I/A and the corresponding time scateof floating gate these predictions. Note, however, that these changes may be
recharging calculated for two promising layer combinations:either detrimental or beneficial for the crested barrier prop-
(i) thermal oxide similar to annealed Crest 5, plus plasmarties. Moreover, some barrier paramet@g., thickness of
oxide similar to Crest 19, andi) 1.25-nm SiQ layer, plus the plasma-grown laygrcan be easily changed to compen-

AlO, layer similar to Crest 19. sate for undesirable barrier alterations and to improve the
The plots show that the all-aluminum layered barrier ofcrested barriers performance even further.
type (i) may sustain the 10-year retention tirfstandard for To summarize, we have found experimental evidence

nonvolatile memoriesat voltages below 1.5 V, while the that electron transport through thermally grown or plasma-
voltage increase to-4 V (i.e., by a factor less than 3, en- grown, postannealed ultrathin aluminum oxide layers is
abling a simple NOR structure of memory blogksvould  dominated by direct tunneling in electric fields up a0
cause the gate recharging #110 us. Such write/erase time MV/cm. The effective height of the corresponding tunneling
is still too long for RAM applications. Note, however, that barriers, within the annealing temperature range from 300 °C
the voltage applied to each of the layers would be below 2.20 550 °C, is substantially dependent on whether the layer
V, ensuring high endurance: charge-to-breakdown well abovbas been grown by thermal or plasma oxidation. This fact
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offers hope for the implementation of layered all-Al@nd
SiO, /AIO, barriers for advanced floating-gate memories
future.
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