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Abstract

Metal-insulator—semiconductor devices were fabricated using ultra-thin (6 nm) atomic layer deposited Al,O5. From Ig-Vg
measurements, it was determined that the main conduction mechanisms for these devices are Ohmic conduction at very low
electric fields (E <2 MV cm™!) followed by Poole-Frenkel emission at medium electric fields (E>2 MV cm™!) and finally,
just before breakdown, Fowler—Nordheim (E >5 MV cm_l). From the accurate verification of these conduction mechanisms,
physical parameters such as barrier height (®p), effective mass (m*) and energy trap level (D) are extracted and could be
used to effectively understand the performance and reliability of these devices under different substrate injection conditions.

1 Introduction

Understanding conduction mechanisms (CMs) through a
thin dielectric oxide is important in state-of-the-art com-
plementary metal-oxide—semiconductor (CMOS) technol-
ogy. This is because when an electric field (E) is applied
across the dielectric film, an undesired current appears
which degrades the behavior of the device, thus shortening
its life-span.

One of the most widely used dielectric in microelectron-
ics is aluminum oxide (Al,0;) because it presents a large
bandgap (~ 8.8 eV) and relatively high dielectric constant
(k~9); it also presents great thermal stability and can passi-
vate interfaces enhancing the performance of devices [1-3].

This work reviews the conduction mechanisms in
metal-insulator—semiconductor (MIS) devices using ultra-
thin Al,O; (6 nm in thickness) as gate oxide deposited
by atomic-layer deposition (ALD). After gate patterning,
MIS devices were electrically characterized using standard
current—voltage (Ig—Vg), capacitance—voltage (C-V) and
current—voltage—temperature (Ig—Vg-T) measurements,
taking the devices to dielectric breakdown; afterwards,
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experimental measurements were compared with semi-
empirical tunneling models like Ohmic conduction (OC),
Poole—Frenkel emission (PF) and Fowler—Nordheim tun-
neling (FN).

2 Experimental details

300 um thick, n-type, 2-5 Q cm resistivity, with a (100)
surface plane silicon wafers were used as semiconductor
substrate. Initial cleaning (RCA cleaning, HF-last) of these
wafers was followed by thermal ALD of Al,O; (6 nm in
thickness) at 250 °C using trimethyl aluminum and water
as precursors. Right after deposition of Al,O;, electron-
beam evaporation of the metal gate (Aluminum =400 nm at
10 A s~!) was done in ultra-high vacuum conditions while
keeping a transitioning time (from ALD to evaporation) less
than 2 min in order to minimize any exposure of Al,O; to
the clean room’s atmosphere. Standard photolithography
for wet-etching of aluminum was used in order to properly
define the metal gate patterns. Figure la, b show the pro-
cess flow and the fabricated MIS device. Figure 1c shows a
scanning electron microscopy (SEM) image of the measured
devices.

After fabrication, the devices were characterized using a
semiconductor-device analyzer (SDA 4200 from Keithley),
and at least 15 devices were measured in order to ensure
reproducibility. Ig—Vg, C-V, and Ig—Vg-T measurements
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Fig.1 a Process flow for fabrication of MIS structures using Al,O;
as gate oxide, b schematic of the resulting MIS structure having
Th,, =6 nm. ¢ Scanning electron microscopy (SEM) image of devices
measured (gate area 60 um x 60 um)

were made at room temperature, in dark conditions, and with
electromagnetic isolation.

3 Results and discussion

Figure 2a shows the Ig—Vg experimental data for the fabri-
cated MIS devices having Al,O; =6 nm. As seen, all devices
measured present the same Ig—Vg characteristics, which is
a direct result of the high quality in the ALD technique,
where there is a total control in thickness and stoichiometry
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Fig.2 a Ig—Vg characteristics for MIS devices using ultra-thin Al,O;
as gate oxide with thy =6 nm, b J-E characteristics of MIS devices,
after normalizing the former Ig—Vg data to device area and oxide

of Al,O; thus resulting in a high uniformity regarding the
electrical reproducibility of these devices. After normaliza-
tion to area and oxide thickness, current density—electric
field J-E) experimental data is shown in Fig. 2b. From these
curves, at least three distinctive slopes are identified, which
could be associated to different conduction mechanisms. As
seen in Fig. 2b, an average electric field to breakdown of
7MV cm™! (4.3 V) is obtained, which is an excellent value
for this oxide [4, 5]. After the dielectric breakdown occurs,
the device could no longer be used as an effective insulator,
as seen by the higher leakage current obtained in the return
path (Fig. 2a, b).

By using the first derivative of gate current with respect
to gate voltage (dIg/dVg), we are able to estimate the energy
bandgap for Al,O; during Ig—Vg measurements (Fig. 3). We
found Eg (Al,0;) to be close to eight. These values are in
agreement with the reported amorphous bulk material band-
gap values of Al,O; [6, 7].

Figure 4 shows the C-V characteristics for the MIS
devices; from these measurements a k~5.72 was obtained,
which is below the expected value of k~9 [4, 5, 8], this
low value is due to the formation of an interface layer
(IL) between Al,O5/Si, this IL is usually an alumino—sili-
cate (AlSiXOy) which lowers the overall dielectric con-
stant of the ultra-thin film. The flat band voltage (V{b) is
extracted considering an initial measurement from inver-
sion to accumulation and the obtained value is —0.67 V.
This reduction in the ideal value of Vfb (0 V) for the Al/
Al,04/n-Si structure is due to a poor quality at the inter-
face between Al,05/Si, given by a density of interfacial
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thickness respectively. At least 10-15 MIS devices were measured in
order to ensure reproducibility
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Fig.3 The conductance method or first-derivative of gate current
with respect to gate voltage (dlg/dVg) enables estimating the energy
gap for Al,O;-based MIS devices Eg (Al,03)~8

states (Dit) of 1.6x 102 cm™2 eV ™! (typical value for SiO,/
Si~1x10"cm™2eV~! [9]). This high value of Dit creates
positive charge at the Al,0,/Si interface as seen in the inset
of Fig. 4a, and it does so by enabling the filling and empty-
ing of surface states with applied bias, which in turn, results
in a negative shift of the complete C—V curve (reducing
the flat band voltage [10-12]) while also producing a large
hysteresis window. Additionally, Al,O; has a high ratio of
oxygen vacancies which are distributed through the bandgap,
an oxygen vacancy with positive charge O** is located at
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@, =3.9 eV above the valence band (VB) of Al,0; [13-16],
which coincides with the VB of Si resulting in the formation
of dipoles near that interface and thus, contributing to Vfb
reduction (oxygen vacancies with negative charge O~ would
produce an energy trap level located at ®,=1.8 eV below
the conduction band of Al,O; and are responsible for the
Poole-Frenkel emission [16, 17]). Considering that the
Al O54/Si system could develop a thin IL (AlSi,Oy) in
between, the difference in the oxygen density for bulk Al,O;
and the IL could also promote dipole formation at the Al,O5/
IL interface when charged oxygen vacancies migrate from
the region of higher oxygen density towards the region of
lower oxygen density [18-21]. When double sweep C-V
measurements are performed, these devices present a hyster-
esis window of almost 1 V (Fig. 4a, b). This large hysteresis
is associated mainly to the trapping-detrapping of charge via
a large density of interface states Dit; nevertheless, Dit could
be drastically reduced by a passivation of the dangling bonds
between insulator—semiconductor either by post metalliza-
tion annealing [22, 23] or the growth of an interfacial SiO,
layer before deposition [24, 25], thus also influencing the
final value of Vfb and hysteresis.

In order to correctly evaluate the conduction mecha-
nism associated with the MIS device, and due to the fact
that these are temperature-sensitive, Ig—Vg—T measure-
ments (from 300 K up to 355 K) were performed. At low
electric fields E<2 MV ¢cm~!, OC is the main conduction
mechanism for these devices [17, 26, 27]; this mechanism
is not temperature-dependent. When the electric field is
increased (E>2 MV cm™"), PF emission becomes the
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Fig.4 a C-V characteristics of the MIS devices, the extracted dielectric constant is around 5.72, the large hysteresis is attributed to an overall
high net negative charge, which produces the shift to the right in the flat band voltage, b normalized capacitance to area
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Fig.5 a Fitting of the experimental J-E data to the Poole—Frenkel semiempirical model, b Arrhenius plot extracted from the Poole-Frenkel data

Table1 Summary of the parameters extracted from experimental

data, semi empirical models and simulations

Parameter Al,O; (6 nm)
Dielectric constant (k) 5.72
Effective mass [m* (m* xm,)] 0.4
Optical dielectric constant (€,) 1.47
Refractive index (1) 2.25
Energy trap level, @1 (eV) 1.53
Barrier height, @y (eV) 1.7

Gate current density at Vg=1V, Jg (A cm ™) 2x 10710
Electric field to breakdown, E,,; (MV cm™) 7

Flat band voltage, Vg, (V) —-0.67
Interface-states density, Dit (cm™2eV™h) 1.6x10'?

Electric field (MV / cm)
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main conduction mechanism, as seen in the fitting of the
experimental data in Fig. 5.

From this fitting, energy trap level (@) and optical die-
lectric constant (¢,) are extracted and shown in Table 1.
The table shows an @~ 1.53 eV which means deep traps
in the bandgap of the oxide. These values are consistent
with defects associated to oxygen vacancies in a deep
state at ~ 1.8 eV below the conduction band (CB) edge of
the Al,O5 [13-16]. It was also determined that this type
of defect corresponds to negative oxygen states, which
would account for the transport and trapping properties
in Al,05. For E>4.5 MV cm™, a pure PF mechanism no
longer could be identified, so a combination of PF and
FN appears. For even higher E (>5 MV cm™'), a pure FN

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
1 / Electric field (cm / MV)

Fig.6 Fitting of experimental Ig-Vg data of MIS devices
(Al,05=06 nm) to the Fowler—Nordheim conduction model. This con-
duction model appears at higher electric fields in all samples while
lasting all the way up to dielectric breakdown

conduction mechanism is observed just before dielectric
breakdown, as seen in Fig. 6.

Using the FN model, important physical parameters like
barrier height (@) and effective mass (m*) are extracted
from fitting the model with experimental data, see Table 1.
For these devices, a barrier height of ®;~1.7 eV and an
effective mass of 0.4 m,, (where my,, is the free electron mass)
is obtained. All extracted parameters were compared to those
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Fig.7 Ideal band diagram for MIS devices, showing ®; and @y as
important parameters that will influence gate tunneling currents

found in literature, having excellent agreement [16, 17, 28,
29]. Table 1 below summarizes the main physical, electronic
and performance parameters obtained from all the experi-
mental data extracted from the fabricated MIS devices. By
obtaining the physical parameters associated to the conduc-
tion mechanisms, predictions about the performance of these
MIS devices fabricated with ALD ultra-thin Al,O5 could be
made. For instance, increasing the barrier height @5 will
result in an increased electric field to breakdown in the FN
regime, also, pushing the energy trap level @ towards the
CB, will result in an increased leakage current when PF
is the main conduction mechanism. Moreover, increasing
the Al,O; thickness in the fabricated devices will develop a
larger Al SiO, interface layer between Al,O5 and Si due to
increased exposure to low pressure and temperature within
the ALD chamber. In turn, this correlation between physical
parameters and Ig—Vg characteristics results in the accurate
determination of electrical properties of these MIS devices,
and therefore its use for different applications.

Finally, Fig. 7 shows an accurate band diagram for all
conduction mechanisms (substrate injection) for this oxide.
As seen, if the barrier height®y (associated with FN) is
increased, the electron would need more energy to pass this
barrier, thus resulting in increased electric field to break-
down. In the same way, if the energy trap level @, moves
deeper into the energy gap of Al,O; (by defects associated to
specific charged oxygen vacancies), leakage current would
be reduced due to electrons needing more energy to go from
this level to the conduction band of Al,Oj; in the PF mecha-
nism, and therefore, a lower dependence with temperature
would be expected. In this respect, the position of @, with
respect to the conduction band in Al,Oj5 is quite relevant
given that for some operation conditions, large current densi-
ties tunneling into Al,O5 would produce Joule heating [30,

@ Springer

31] and therefore, device degradation and its early failure
should be properly predicted by reliability models that con-
sider this correlation between @ and temperature.

4 Summary and conclusions

In summary, current conduction mechanisms were iden-
tified in fabricated MIS devices having ultra-thin ALD
Al,O5 (6 nm in oxide thickness) as gate oxide. From the
fitting of semi-empirical current conduction models with
experimental data, it was determined that for lower electric
fields (E<2 MV cm™") the main conduction mechanism
is Ohmic conduction followed by Poole—Frenkel emis-
sion at intermediate electric fields (E>2 MV cm™), and
finally, Fowler—Nordheim tunneling just before breakdown
(E>5MV cm™!). From the extraction of physical param-
eters associated to each conduction mechanism, a sim-
ple but practical correlation of materials’ properties with
device performance could be obtained. For instance, oxides
with increased barrier heights @y (same thickness) would
result in larger electric field to breakdown; similarly, oxides
whose energy trap level @ gets closer to its conduction
band, would result in higher leakage currents due to a higher
temperature dependence. Given that the [-V and C-V char-
acteristics for these MIS devices are highly dependent on the
quality of Al,O; and its interface with silicon, the presence
of defects like oxygen vacancies or interface states, will also
have a major impact on the performance of these simple
devices. Therefore, a simple mechanism explaining conduc-
tion models correlated to energy trap levels given by these
defects (present in Al,O5 and at its interface with silicon),
help us to understand and possibly modulate, the electrical
behavior of these devices. Finally, the high reproducibility,
conformality, outstanding control (to atomic level) on the
thickness and stoichiometry, interface properties with the
semiconductor substrate, and the low deposition tempera-
ture (T <250 °C) for these metal oxides, puts atomic-layer
deposition as a powerful deposition technique which enables
enhanced performance and therefore, better reliability pre-
dictions for electron devices based on these oxides.
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