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ABSTRACT

In this work, the electrical properties of .85 films deposited by reactive ion sputtering were
investigated by means of morphological, chemical @ectrical characterizations. We observe that
the electron trapping affecting the insulating laye mitigated after a rapid thermal annealing
(RTA) treatment. The RTA improved also the permiityi (up to &), although the negative fixed
charge remains in the order of 4@n? However, the temperature dependent electrical
investigation of the metal-oxide-semiconductor (MGO&pacitors demonstrates that the room
temperature Fowler-Nordheim electron barrier hewh®2.37 eV lies between the values expected
for SiO/4H-SIC and AJO3/4H-SiC systems.

INTRODUCTION

For several years, silicon carbide (4H-SiC) hasstedied considering its potential applications
for high power devices. Owing to this continuouspuise of the scientific community, the
achievements in material quality and processinguntgtled finally to the commercialization of
several SiC power devices (i.e., diodes and MOSFB&md modules [1]. Hence, nowadays novel
scientific and technological problems are undersatgration to improve or even to go beyond the
currently available technologies [2]. In this codteeven if SiQ is commonly used for 4H-SiC
metal oxide semiconductor field effect transistgdOSFETS) so far, new efforts have been
devoted to study and optimize possible novel galectric materials. In particular, the introductio
of a dielectric with a high permittivityh{gh-k) is expected to improve the device performance and
reliability in high-voltage applications [3], asethgate insulator in 4H-SIC MOSFETs must
withstand a high electric field. Specifically, ifobking configuration, the electric field in thetga
insulator (k) is related to the electric field in the semicociu (E) by the Gauss’ law, & =
(kdxinsg) Es, Wherexins andks are the insulator and semiconductor permittivijues. Hence, in order
to mitigate the stress in the gate insulator, éspttivity has to be close to the SiC permittivity

However, in the choice of an alternative gate dteie for 4H-SIC devices, the permittivity is
not the unique factor to be considered. In faa, iand gap, band alignment and thermal stability
are also key parameters. Namely, a high permiisitould be preferably combined with a high
barrier height, in order to reduce the leakageerun3].

Because of its interesting properties, such agga permittivity ~7-9), large band gap (~ 6.2
eV as shown in Fig. 1), thermal stability up to @80, and reasonable conduction band offset with
respect to 4H-SIiC (~ 1.7 eV as shown in Fig. Jmahum oxide (AdOs) has already attracted the
interest as alternative dielectric in SiC-basedas/[4,5]. Typically, the AlO; films, deposited by
chemical vapor deposition (CVD) or atomic layer a@gpon (ALD), have shown a high trapped
charge density (and flat band voltage shifts) amghificant hysteresis during cyclic C-V
measurements.

In this work, the electrical properties of 8k flms deposited by reactive ion sputtering were
investigated by means of MOS capacitors. The ctgrassvs voltage characteristics collected on



the different samples revealed the beneficial eéfééa rapid thermal treatment that improved the
permittivity and reduced the electron trapping lie insulating stack. The hysteresis is strongly
reduced after the thermal treatment with respectthi® as-deposited sample. Furthermore,
temperature-dependent currerst voltage characteristics allowed to investigate doaduction
mechanisms through the insulating stack, reveaingearly ideal effective tunneling mechanism
with an electron barrier height that lies betwebe tdeal values for Si¥Oand AbOs; layers.
However, the low dielectric breakdown field is Istd concern that deserves additional
improvements. This deposition method is rather-effsictive compared to CVD and ALD and
does not present any safety concerns, differentiy fthe case when metal-organic precursors are
used.

EXPERIMENTAL

A schematic of the fabricated MOS capacitors anel ttieoretical band alignment in the
investigated 4H-SiC/SigAl,05 system is reported in Fig. 1. The MOS capacitoesewfabricated
on n-type epitaxial 4H-SiC layers with a donor camication of 1x18 cm 3, grown onto heavily
doped substrates. First of all, a thermal oxidatiodry O, was carried out at 1150°C in order to
grow a 6nm thick interfacial Sibarrier layer. This thin oxide layer was introddde increase the
oxide/semiconductor barrier height (up to 2.7 evijleed, in the absence of this thin Si@rrier
layer, it was not possible to perform a reliabkec#iical analysis, due to the high leakage current.

Thereafter, a large area Ohmic contact side wasddron the sample back by Ni-deposition
followed by a rapid thermal annealing (RTA) at 96(6], prior to ALO3 deposition on the front.
The thin AbO; film was deposited by reactive ion sputtering framAl target in oxygen ambient at
low deposition rate. The reactive ion sputteringwarried out at base pressure of 5%hbar and
generator conditions of 20W, 274V, 50kHz. The resgldeposition rate was 0.4 nm/min. During
deposition the sample was placed on a sample hofdder rotation at 20 revolutions per minute to
reduce materials inhomogeneities. The gate elestnwds fabricated by Al sputtering and a
sequence of photolithography and wet etch steps.

The electrical characterization of the depositéddiwas carried by 1 MHz capacitance—voltage
(C-V) and current—voltage (I-V) measurements dediht temperatures, using a Cascade probe
station and a Keysight B5105 parameter analyzee fmorphology of the as-deposited and
annealed insulators was investigated using a PSEA130 atomic force microscope (AFM)
operating in noncontact mode with highly dopedtsiii tips.

- 4H-SIiC/SiO /Al O,

25 nm Al ,O, 11'7 eV
6 nm SO, 2.7ev
n- 4H-SiC epilayer
3.2eV |[9eV 6.2 eV

Ni,Si

Fig. 1. Schematic MOS capacitor cross section art kalignment
diagram for the 4H-SiC, Si&and ALO; system.



RESULTS AND DISCUSSION
First, the composition and surface morphology @ itmsulating layers were monitored. The thin
film composition was investigated with an ex-sihemical characterization on blanket samples by
XPS (Fig. 2). The position of the peak at 74.1 aVrélated to the presence of*Alspecies
confirming the formation of stoichiometric A)s. The thickness of this film was about 25 nm, as
determined by ellipsometry measurements. Furtheztbe insulating AD; films were annealed
with a RTA process in Nat 800°C for 60 seconds maintaining the amorplsbusture. Finally,
the film morphology was studied by employing thenaitc force microscopy (Fig. 3). The final film
is conformal and smooth with a root mean square SRd the height distribution of 2.0 nm and a
peak-to-peak value in the order of 8 nm. The MOgacHors were finalized with the fabrication of
the gate electrode on the sample front, by the sigpo of 100 nm Al-film and photolithography
processes.

Thereafter, the electrical properties of the systeare studied by means of |-V and C.V
measurements on MOS capacitors.
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Fig. 2: XPS spectrum collected on the bare insulato
surface.
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Fig. 3: AFM morphology map collected after the
thermal annealing.



Fig. 4 shows the C-V curves acquired at 1 MHz an MOS capacitors both before and after
RTA in N,. Evidently, before annealing a considerable pasihift of the flat band voltageV g =
+5V is observed after the first bias sweep fromlelegn toward accumulation. This behavior
indicates the presence of a large amount of nematimarges inside the oxide, i.e., in the order of
2x10"cm® After the first measurement, repeated measuresr@méeping from depletion toward
accumulation and backward, demonstrate that theesuare permanently shifted toward more
positive gate bias. Clearly, a stable negative giatrapping occurred during the C-V
measurements. Furthermore, from the value of tbamalation capacitandg. it was possible to
estimate a permittivity value of 3¢3. The permittivity evaluation takes into accourdtt@. is the
series capacitance of the two layers in the insulatack. The low permittivity value can be
attributed to lower density of the as-sputteredhfiHowever, after the annealing at 800°C, an
improvement of the C-V curves is observed, as tiwipe flat band voltage shift is significantly
reduced, thus indicating a drastic decrease oh#tenegative effective charge in the oxide layer.
Furthermore, th€, accumulation capacitance is increased and comsidére physical thickness
of the SiQ and ALOs layers, it was possible to determine an incredsbkeopermittivity up to &
for the deposited AD; films after the RTA. This value is fully in lineith the literature values
obtained with other growth methods.

The reduction of the net negative trapped chargheroxide during the measurements obtained
after RTA process is deduced by the significanucéidn of the hysteresis in the C-V curves. In
fact, as can be observed in Fig. 4, reporting e C-V curves acquired from depletion to
accumulation and backward in the two cases, théete@s was almost completely suppressed in
the annealed oxide; i.e., in the order of 1%&@®>. It is worth noting that in literature &D; thin
films synthesized using different techniques (eALD) suffer of similar electron trapping
phenomena, likely due to the presence of oxygeandaes [7].
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Fig. 4. C-V curves collected on A3/Si0O,/4H-SiC
MOS capacitors after two consecutive bias sweeps
from depletion to accumulation, both for the as-
deposited sample and for the sample subjected to
RTA at 800°C

Comparing the C-V curves on the as-deposited andaded samples it is possible to notice that
the flat band voltage (A8) ranges in both cases between + 6V and + 7V. Theis/far from the
ideal value (~0V), thus indicating the persistepoeexistence of a residual negative fixed charge ,
i.e., in the order of 2x2fcm?. Furthermore, the forward curve — from depletioratcumulation —



shows a knee that is nearly absent in the revamee andicating the occurrence of energetically
deep interface states trapping (in the order of0t3in?).
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Fig. 5: (a) Example of BD I-V curve collected oiM®S. (b) Weibull statistic collected on 15
fresh MOS devices.
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Fig. 6: (a) Current density vs electric field affelient temperatures (b) Temperature dependent
FN plots In(J/B) vs E™ curves from room temperature up to 100 °C.

Another important aspect of the characterizatiome® from the gate dielectric breakdown (BD)
statistics. Fig. 5a shows a |-V characteristicexittd for a MOS capacitor. The I-V curve shows a
dielectric breakdown of the oxide occurring at a@xmnately 14 V, corresponding to an electric
field of 4.5 MV/cm. By performing statistical measments on capacitors, we are able to apply the
Weibull formalism to the experimental breakdownaddh particular, the Weibull distribution is
given by [8]

F(x) =1-ep|-(ya)].

where F is the cumulative failure probability (repenting in our case the ratio between the failed
and the investigated MOS; \N;), x is the electric field that induces the BD pberena,o is the
characteristic lifetime of the dielectric, afds called the Weibull slope. In particular, thé-lim(1-

F)] of the MOS capacitors is plotted versus theuratlogarithm of the BD electric field. As a
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theoretical behavior.

consequence, the more robust is the insulatoratfyel the value is and the steeper the Weibull
plot is. As can be seen in Fig. 5b the BD occumeastly between 3 and 5 MV/cm on the
investigated MOS capacitors. However, even if tRedBatistic is centered in a narrow electric field
range (3-5 MV/cm), it is far away from the idealua (~10MV/cm). This result suggests that some
extrinsic contribution (i.e. the insulator surfameighness) can enhance the dielectric breakdown
lowering the mean critical electric field value.

The insulating properties were also studied by taoing the temperature dependence of the |-V
characteristics of MOS capacitors, from room terapge up to 100 °C.

Once a MOS device is stressed and the electropitrg@mccurred, it becomes stable and it is
possible to compare the |-V collected at differé@mperature. The I-V characteristics were
analyzed using the Fowler-Nordheim (FN) formaliamd ¢he Lenzlinger-Snow (LS) equation:

In(J/EZ): |n(q3(mgc/mox)j_ 8ﬂm L

8Tho 3gh E

where J is the current density, E is the electietdfacross the oxide, 48 and my are the
effective electron masses in the SiC substrateimrile insulator, respectively, g is the electron
charge, h is the Plank constant aglis the effective tunneling barrier height for ¢teas [9]. By
the fits (not shown) in the linear region of theN‘plots” In(J/E) vs 1/E shown in Fig. 6b, it was
possible to determine the valuesigf for electrons as a function of the temperature.

As shown in Fig. 7, the FN tunneling can be usedetscribe the current conduction mechanisms
of the system. In fact, ideally the FN tunnelingpesses a weak temperature dependence, related to
the shrinking of the SiC and insulator band gaph wicreasing temperature [9]. On the other hand,
it has been demonstrated that thermally grown,3#&9ers onto 4H-SIC may contain residual
carbon atom content that can affect the insulagirgperties of the gate oxide [10]. In defective
insulators Poole-Frenkel (PF) emission can oftda tlie conduction mechanism. The ideality of
the tunneling mechanism can be investigated lookinthe variation of the fitting barrier height
value and in particular looking at its slop®@gddT. In literature, some thermal oxides grown onto
4H-SiC shown an experimentadgd/dT slope (-7.6 meV/°C) one order of magnitude bigthan
the theoretical (-0.7 meV/°C) one and the expertaleddg/dT slope (—-0.98 meV/°C) of the
deposited oxide, respectively [9,10].




Fig. 7 shows how both our experimental resultgrditure data and the ideal values of the
electron barrier heighbg vary with a temperature increasing from 0 °C u@%0 °C for the Si@
and the AlO; cases. The ideal S}-N case possesses a barrier hedght= 2.7 eV while ideal
Al,O3 FN case possesses a barrier height= 1.9 eV. In both cases the barrier height deeas
with a slope of thedg/dT = — 0.7 meV/°C [11] with increasing temperature

On the other hand, the experimental effective bafreight for the Si&Al,O3 stack isbg = 2.37
eV at room temperature, i.e., larger of the idegll® expected for ADs/4H-SIC interface and
smaller than the SK¥MH-SIC interface. This result suggests that theféihalism averaged the
effective double tunneling occurring on the 8/,0; stack. However, an indication of the good
quality of the insulating stack is obtained consmigthat the experimental slope of thegddT is —
1.07 meV/°C is only slightly larger than the idgalue of — 0.7 meV/°C. Indeed, the experimental
results on the SigAl,O3 stack are improved compared to some thermally g8, layers [10].

CONCLUSIONS

In this paper, we have investigated the morpholdgichemical and temperature dependent
electrical properties of AD3/SiO,/4H-SIC system in MOS capacitors. The®{ films were grown
by reactive ion sputtering onto a thin thermal Si@yer. The insulating layer suffers from an
electron trapping that is mitigated after a RTAatmeent. The RTA improved also the permittivity,
without significantly reducing the negative fixethatge. The temperature dependent electrical
investigation of the MOS capacitors resulted incavler-Nordheim barrier height of 2.37eV. The
Fowler-Nordheim-like tunneling has been proved lgnitoring the temperature coefficient of the
electron barrier height @ek/dT), which resulted noticeably improved with respéo thermally
grown SiQ layers.

These preliminary results suggest that reactivesjuuttering can be a promising technique to
synthesize novel gate dielectric for wide band gamiconductor devices technology, even if the
fabrication processing need to be improved in otd@vercome some reliability issues.
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