Characteristics of the dynamics of breakdown filaments in Al203/InGaAs stacks
F. Palumbo, P. Shekhter, K. Cohen Weinfeld, and M. Eizenberg

Citation: Applied Physics Letters 107, 122901 (2015); doi: 10.1063/1.4931496

View online: http://dx.doi.org/10.1063/1.4931496

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/107/12?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Comparison of the degradation characteristics of AION/InGaAs and Al203/InGaAs stacks
J. Appl. Phys. 117, 104103 (2015); 10.1063/1.4914492

X ray photoelectron analysis of oxide-semiconductor interface after breakdown in Al203/InGaAs stacks
Appl. Phys. Lett. 105, 102908 (2014); 10.1063/1.4895627

Indium out-diffusion in Al203/InGaAs stacks during anneal at different ambient conditions
Appl. Phys. Lett. 104, 243504 (2014); 10.1063/1.4882645

The effect of post oxide deposition annealing on the effective work function in metal/Al203/InGaAs gate stack
Appl. Phys. Lett. 104, 202103 (2014); 10.1063/1.4879246

Interface studies of GaAs metal-oxide-semiconductor structures using atomic-layer-deposited Hf O 2/A12 O 3
nanolaminate gate dielectric
Appl. Phys. Lett. 91, 142122 (2007); 10.1063/1.2798499

Horizon" OPO

Tunable power and performance

-

* Complete tunability with no degeneracy gap from 192-2750 nm
* Excellent beam quality and low divergence in both axes
* Up to 40% conversion efficiency



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1424842355/x01/AIP-PT/Continuum_APLArticleDL_091615/Continuum_banner_ad.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=F.+Palumbo&option1=author
http://scitation.aip.org/search?value1=P.+Shekhter&option1=author
http://scitation.aip.org/search?value1=K.+Cohen+Weinfeld&option1=author
http://scitation.aip.org/search?value1=M.+Eizenberg&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4931496
http://scitation.aip.org/content/aip/journal/apl/107/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/117/10/10.1063/1.4914492?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/105/10/10.1063/1.4895627?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/24/10.1063/1.4882645?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/20/10.1063/1.4879246?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/14/10.1063/1.2798499?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/14/10.1063/1.2798499?ver=pdfcov

APPLIED PHYSICS LETTERS 107, 122901 (2015)

@CrossMark

Characteristics of the dynamics of breakdown filaments in Al,Os;/InGaAs

stacks

F. Palumbo,’?? P. Shekhter,* K. Cohen Weinfeld,® and M. Eizenberg*
'National Scientific and Technical Research Council (CONICET), Av. Rivadavia 1917, Buenos Aires,

Argentina

“Department of Electronic Engineering, National Technological University (UTN), Medrano 951,

Buenos Aires, Argentina

3GAIANN, Comisién Nacional de Energia Atémica, Gral.Paz 1499 (1650), Buenos Aires, Argentina
*Department of Materials Science and Engineering, Technion-Israel Institute of Technology, 32000 Haifa,

Israel

3Solid State Institute, Technion-Israel Institute of Technology, 32000 Haifa, Israel

(Received 22 July 2015; accepted 10 September 2015; published online 21 September 2015)

In this paper, the Al,O3/InGaAs interface was studied by X-ray photoelectron spectroscopy (XPS) af-
ter a breakdown (BD) event at positive bias applied to the gate contact. The dynamics of the BD
event were studied by comparable XPS measurements with different current compliance levels dur-
ing the BD event. The overall results show that indium atoms from the substrate move towards the
oxide by an electro-migration process and oxidize upon arrival following a power law dependence on
the current compliance of the BD event. Such a result reveals the physical feature of the breakdown
characteristics of III-V based metal-oxide-semiconductor devices. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4931496]

The dielectric breakdown (BD) phenomenon is still an
open area of research, in particular, for nanostructures such
as MOS (metal-oxide-semiconductor) and MIM (metal-
insulator-metal) stacks. In such structures, the BD of the
dielectric layer occurs in the regime of relatively low voltage
and very high electric field; this is of enormous technological
importance, and thus is widely investigated but still not well
understood. '

In a recent paper, it has been demonstrated that the BD
event for MOS stacks is controlled by the energy transfer
from the BD path to its surroundings, which promotes
electro-migration of the fastest atomic species among those
available, providing the build-up of the BD filament.>*
However, other authors working with MIM stacks for
Resistive Random-Access Memory (ReRAM) applications,
suggest that the BD event is an intrinsic effect related to the
bulk oxide material, and does not involve movement of
metal ions from the contacts.”

In this paper, the influence of the BD event in metal/
Al,O5/InGaAs stacks is studied by X-ray photoelectron spec-
troscopy (XPS), a suitable technique to detect surface oxides
of InGaAs.”

MOS  structures were fabricated on  p-type
Ing 53Gag 47As substrates epitaxially grown on p-type InP
wafers. The dopants concentration of the InGaAs was 3
x 10'® ecm . All samples were chemically cleaned in 10:1
diluted (NH4),S for 10min, followed by de-ionized (DI)
water rinse and blown dry with N, prior to their being
loaded into the molecular-atomic-deposition (MAD) sys-
tem.®>” The samples received forming gas (95%N, + 5%H,)
plasma treatment at room temperature, followed by Al,O;
deposition (4nm) in a N, ambient. All samples received
post-deposition anneal in N, at 500°C for 3min. Au was
used as the gate electrode and Ti/Au was used as the back
contact. All metals were deposited by e-beam evaporation.

0003-6951/2015/107(12)/122901/4/$30.00

107, 122901-1

This methodology has been implemented previously and
yielded good capacitors.'® The area of the devices was cho-
sen to be larger than the area of the probing spot of the XPS
technique.

To study the evolution of the oxide-semiconductor inter-
face after electrical breakdown using the XPS technique,
identical capacitors were subjected to different constant volt-
age stresses (CVS) at positive bias, until the occurrence of
BD event for different maximum levels of current compli-
ance. Since the mean free path of the emitted photoelectrons
in XPS leads to an escape depth of less than 10 nm in most
cases, the analysis cannot be carried out through the metal
electrode, which is typically 40 nm thick or more. To over-
come this issue, the contacts were removed by selective
chemical etching using a I,/KI (4:1w:w) solution. The sam-
ple was then rinsed in DI water and dried with N,.

Samples A, B, and C were stressed with CVS at 100
mA, 10 mA, and 1 mA, respectively. Sample D was stressed
with CVS, but the BD was not reached. For reference, fresh
capacitors (with no CVS) were analyzed as well (sample E).

XPS spectra were collected in a Thermo VG Scientific
Sigma Probe system using a monochromatic Al Ka
(1486.6eV) X-ray source. In 3d spectra were collected with
pass energy of 50eV. Curve fitting was done by XPSPEAK
4.1 software using a 15% Gaussian—Lorentzian convolution
with a Shirley-type background.

Figure 1 shows a typical BD transient of gate current
observed under CVS.” In this case, a stress voltage of +5V
with a compliance limit of 100 mA were used. As reported in
our previous papers,”'! the transient I vs. time curves during
CVS are characterized by at least two distinctive phases. The
first regime is characterized by a noisy process which is
attributed to charge trapping and generation of defects, while
the second is the breakdown event that occurs when a certain
critical density of defects is reached, and it is characterized

© 2015 AIP Publishing LLC
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FIG. 1. Typical curves of current density as function of the time under con-
stant voltage stress for +5V with compliance limit of 100 mA. Reprinted
with permission from Appl. Phys. Lett. 105, 102908 (2014). Copyright 2014
AIP Publishing LLC.

by a progressive increase of the current and an abrupt
increase of the current to very high levels."'?

It is worth to note that the magnitude of the stress
applied on the metal gate is not an important parameter in
our experiments. A change in the magnitude of the voltage
will only affect the onset time of the BD event, but not the
characteristics of the BD spot, thanks to the similarity in cur-
rent during BD. Therefore, the relevant parameter that
defines the characteristic of the BD event is the current com-
pliance limit.

Figure 2 presents the results of the XPS measurements
for samples E (fresh), D (stressed with no BD event), and A
(BD with 100mA current compliance). The deconvolution
of the In3d spectra of the fresh and the two broken samples
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FIG. 2. XPS spectra of In3d. The XPS spectra correspond to the as deposited
(a), stressed (b), and after breakdown (c) samples.
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reveals the presence of two types of bonds of indium. The
first signal, at 447.2 eV, corresponds to In in InGaAs. For all
samples, this peak has a similar intensity, indicating an even
oxide thickness before and after breakdown. The second sig-
nal is found at a higher binding energy and is related to the
In-O bond. The ratio between the oxide peak and the InGaAs
peak changes drastically after breakdown under a positive
bias with a current compliance of 100 mA (see Fig. 2(c)).

These results show that after the breakdown event at
positive bias, there is an increase in the intensity of the In-O
oxide bonds. Formation of an additional oxide layer under-
neath the existing Al,O3 layer would have caused a signifi-
cant drop in the bulk signals, which is not observed.
Therefore, we suggest that under breakdown at positive bias,
a substantial amount of elements from the InGaAs substrate
moves into the dielectric Al,O5 layer and oxidizes. In con-
trast, for samples E (fresh) and D (stressed with no BD),
such a phenomenon is not observed (see Fig. 2).

Although the investigated area under the XPS technique
is much larger than the area of the BD spot, it is possible to
deduce the composition of the volume of the oxide contain-
ing the BD filaments. It is well known that after the BD event
a localized damage occurs within the oxide layer." In this
context, due to the absence of an additional oxide layer in
the interface, the In atoms that migrate into the Al,O3 layer
can be considered as the material that occupies the percola-
tion path through the gate oxide after the BD event.

Figure 3 shows the evolution of the In3d5/2 XPS spectra
for the fresh sample and the samples after BD at different
current compliance limits. It is clear that the intensity of the
signal related to the In-O bond changes drastically as func-
tion of the current compliance of the breakdown event at
positive bias. Figure 4(a) presents the dependence of the
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FIG. 3. XPS spectra of In3d. The XPS spectra correspond to the as deposited
(a), and after breakdown samples for different current compliances. 1 mA,
10mA, and 100 mA correspond to (b)—(d), respectively.
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ratio between the oxide peak and the InGaAs peak (named,
In-O/Iny in Fig. 4(a)) as function of the compliance limit
(marked Icompi. in Fig. 4). This analysis allows us to see the
amount of In that migrates into the Al,O3 layer and so under-
stand the degree to which the oxide has been degraded.

The diffusion of atoms from the contacts into the gate
dielectric is the main aspect of the physical damage associ-
ated with gate-oxide BD.? However, based on the present
results, it is clear that some differences occur between stacks
with different materials. For the case of MOS stacks with Si/
SiO, interfaces, it has been experimentally demonstrated that
under positive bias, the local surge current after the BD event
can generate hillocks nucleated at one of the Si contacts, epi-
taxially aligned to the Si lattice." While for the MOS stacks
studied in this paper, with Al,O3/InGaAs interfaces, under
positive bias a substantial amount of elements from the
InGaAs substrate moves into the Al,O5 dielectric layer and
oxidizes.

In order to reach an analytical expression for the differ-
ent intensities of indium we assume that the only source for
In-O bonds in the sample that did not undergo breakdown
(“Fresh” sample) is the Al,O3/InGaAs interface.
Furthermore, we assume that the concentration of In-O
through the Al,Osis constant.'® Under these assumptions, we
can get that the intensities of In in bulk InGaAs (Iny,), In-O
in the fresh sample, and In-O in every sample that underwent
breakdown are, respectively,

;;’ IN OIS

I = 1o (6 (aes) — #) 2nGaAsChuiks (D
Bulk
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where [ is the intensity of the main beam multiplied by the
emission efficiency of the In 3d signal, t is the thickness of
the AlLO; film (4nm), 44,0, and AjuGeas are the mean free
paths of the emitted electrons in the Al,O; and InGaAs,
respectively, 1’2”’“ is the noise level (the standard deviation of
the noise) w1tﬁ respect to the intensity that originates from
the bulk, that was estimated here as 3%, Cpu is the
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concentration of In in the InGaAs bulk, C;; is the concentra-
tion of In-O bonds at the Al,O5/InGaAs interface, and Cpp is
the concentration of In-O bonds in the volume of the Al,O3
averaged between the percolation paths and the undamaged
ALOs. Zano, and Ajgeas were found to be 2.04nm and
2.3nm using the TPP-2M equation.’

In order to remove the contribution of the main beam,
the ratios between the two different In-O and bulk In signals
can be used
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Assuming that the concentration of the In-O bonds at
the interface is constant, the value of C;; can be carried from
the fresh sample to the samples after breakdown. This
assumption is with accordance with previous results."?

Obtaining the correlation between the Iy, o/Ipuk (the
ratios between the two different In-O and bulk In signals)
and C,, (the concentration of In-O bonds in the percolation
path times the overall area of paths) (Equation (5)), we can
plot C,,, as function of the current compliance (Ioompi.) using
the experimental data of Iy o/Ipuic VS. Icompr.» as observed in
Figure 4(b).

This result describes the amount of material that moves
towards the oxide layer by the electro-migration effect. From
Fig. 4(b), it is clear that the amount of In atoms that move by
electro-migration and oxidize upon arrival, follow a power
law dependence with the current compliance of the BD event
(LogCpp ~ Log Icompt). It is worth to note that even though a
power law dependence can be reasonable, three data points
are only enough to show a trend but not sufficient to obtain
the precise exponential dependence. Such an observation
agrees with independent results about the dependence of BD
hardness on current compliance in different ultra-thin oxide
layers. Lombardo'* reported for SiO, layers for CMOS
applications, a power law dependence of the leakage current
as a function of the compliance limit imposed on the gate
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current during stress. On the other hand, in the case of MIM
stacks (Pt/HfO,/Pt) for ReRAM memories, it has been
reported that the HRS (high resistance state) shows a power
law dependence with the current compliance of the forming
step.'” This similar behavior in connection with the current
compliance, suggests a common physical feature between
such diverse stacks, which is characterized by the XPS
results as function of the current compliance (Fig. 3).

In this context, power law dependence is reasonable
since the atomic diffusion of the cathode or anode atoms into
the gate dielectric during the BD event is the main feature of
the physical damage associated with gate-oxide breakdown.’

Intrinsic BD of ultra-thin gate oxides occurs when the
oxide reaches a critical defect density for which the defects
form in a point of the MOS stack a percolative path joining
cathode and anode.'®'” After the BD instant, current begins
to flow through the path and the BD spot can evolve in a
thermally damaged region. In this context, the basic idea is
that the modifications observed by XPS (Figs. 2 and 3) are
due to an electro-migration effect providing atomic diffusion
of the cathode or anode atoms (depending on the stress bias)
into the gate dielectric in the region of the BD spot.

For the case where the sample is stressed without occur-
rence of a BD event (Fig. 2(b)), there is no change compared
to the fresh sample (Fig. 2(a)). In the absence of current
flowing through the dielectric (i.e., BD event), there is no
momentum transfer to the metallic ions. While for the case
where the gate oxide is subjected to BD, the high density of
carriers though the BD spot'®'? (i.e., electro-migration re-
gime??) provides atomic diffusion of the cathode atoms into
the gate dielectric (Fig. 2(c)).

The drastic evolution of the In3d5/2 signal with increas-
ing breakdown compliance can be easily observed (Fig. 3).
While the bulk In signal retains its intensity, with a 5% mar-
gin, the In-O integrated intensity increases significantly to
almost twice its original value for 100 mA. This result indi-
cates that during the formation of the percolation path
through the dielectric, paths/filaments with different compo-
sitions can be formed under different breakdown conditions.
By increasing the current compliance during the BD event,
an increasing amount of In atoms electromigrate into the ox-
ide and oxidize upon arrival. It can be observed from the
evolution of the concentration of In-O bonds in the percola-
tion path (named, Cp, in Fig. 4(b)). Such migration of sub-
strate atoms into the dielectric is consistent with a filament
growing (due to In-O bonds in this case) from the substrate.
Note that the In concentration is an appropriate parameter to
underline the dependence on the current compliance since it
is an averaged concentration. Either the relative area of the
paths becomes larger or the concentration of defects (in the
shape of In-O bonds) in the paths increases. Both options
mean an increase in damage.

This result is in agreement with previous compliance
current studies and provides a more precise characterization
of the BD process. Further strong experimental evidence in

Appl. Phys. Lett. 107, 122901 (2015)

favor of the above description is given by recent electron mi-
croscopy and XPS works. Pey er al.*' have shown evidence
of filaments formed in the gate oxide in samples subjected to
progressive breakdown, both in the case of Poly-Si/SiON/Si
and metal gate/high-k/Si MOS stacks.' Privitera e al.? have
shown filament presence in the case of HfO,based ReRAM
MIM devices after forming.

In summary, the Al,O3/InGaAs interface was studied by
XPS after the breakdown event at positive bias applied to the
gate contact. It is observed an increase of the In-O bonds fol-
lowing a power law dependence with the current compliance
of the BD event. Our findings show a better understanding of
the breakdown characteristics of III-V based MOS devices.
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