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Combining Electrically Detected Magnetic Resonance Techniques to Study
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Abstract

This work explores the atomic-scale nature of defects within hafnium dioxide/silicon
dioxide/silicon (HfO,/Si0,/Si) transistors generated by hot-carrier stressing. The defects are studied via
electrically detected magnetic resonance (EDMR) through both spin-dependent charge pumping (SDCP)
and spin-dependent tunneling (SDT). When combined, these techniques probe defects both at the Si-side
interface, and within the oxide-based gate stack. The defects at the Si-side interface are found to strongly
resemble Py-like defects common in the Si/SiO; system. The defect within the gate stack has not been
positively identified in the literature thus far; this work argues that it is a Si-dangling bond coupled to one
or more hafnium atoms. The use of electrically detected magnetic resonance (EDMR) techniques indicates
that the defects detected here are relevant to electronic transport, and thus device reliability. This work
also highlights the impressive analytical power of combined EDMR techniques when studying complex,

modern materials systems.
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Introduction

Until relatively recently, the question of whether hafnium-based materials would supplant
conventional silicon dioxide (SiO,) based gate dielectrics in metal-oxide-semiconductor field-effect-
transistors (MOSFETs) was still very much unanswered.™ At the time, predictions about the end of
Moore’s law and transistor scaling were abundant and the move towards so called high-k dielectrics was
recognized as the biggest challenge in the history of semiconductor technology.r™” With the fate of the
industry at stake, an enormous effort was undertaken by all sectors of the community including academia,
consortia, government, and commercial manufacturers from around the world.™” Now, about twenty
years later, we see what a monumental success the effort was; the semiconductor industry continues to
grow exponentially, and hafnium-based materials are commonplace.®’ In fact, high-k dielectrics are now
just one of many revolutionary departures from conventional SiO, based planar MOSFET technologies.?®
Additionally, hafnium-based materials have found applications beyond MOSFET gate dielectrics and have
enabled wholly new technologies, including resistive random-access memory (ReRAM) and ferroelectric
random-access memory (FeRAM).1%23 Additionally, these hafnium-based materials have found
applications beyond the sense of traditional data storage, including alternative computing concepts such
as neuromorphic or “brain-inspired” computing, in which device operation mimics synaptic coupling
between neurons.'®*?

As such, hafnium-based materials are relevant to several technologies, and understanding their
fundamental material properties/limitations is more imperative than ever. While the materials system
may seem to have been “figured out” due to its commercialization in MOSFET technologies, information
about the electronic properties and physical nature of atomic-scale defects is still a topic of considerable

14-

inadequacy. This includes their roles in MOSFET reliability/failure mechanisms.**® Of particular note,

studies of stress-induced defects in hafnium-based transistors are limited.
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This type of atomic-scale information is also important for developing technologies in which
defects are purposely created and/or are intrinsic to the physical operation of the device; a prime example
being the creation and motion of oxygen vacancies as the often-cited mechanism responsible for forming,
writing, and reset operations of hafnium oxide (HfO,) based ReRAM devices!?121516,

Of all the defect characterization tools available, electron spin resonance (ESR), along with a
variant known as electrically detected magnetic resonance (EDMR), are among the most powerful due to
their unique ability to directly determine specific chemical, physical, and energetic information about
paramagnetic defect centers.?*2!

ESR techniques have been successfully applied to HfO, based materials and devices in the past,
and helped to provide the understanding needed to bring HfO, to its current complementary metal-oxide-
semiconductor (CMOS) central commercial potential.?>” Note that in almost all cases, the existence of
an intentional or unintentional SiO, based interfacial layer exists between the Si substrate and any
deposited Hf based dielectric, significantly complicating the ability to decipher the defect/material
interactions.?>%-31 Additionally, the mere presence of Hf atoms in the vicinity of paramagnetic defect
species leads to significant spin-spin interactions, which can complicate matters significantly (this is due
mostly to the transition metal hafnium’s d-shell electrons, as well as magnetic Y’Hf and 7°Hf nuclei)?*%.
Electrons localized on the Hf atoms experience large spin-orbit coupling interactions. This is very much
unlike conventional Si/SiO, systems which have well defined regions of crystalline Si and amorphous
Si0,,*%2 and relatively few atoms with magnetic nuclei. The Si/HfO, system is much less definitive and often
requires the use of vague terms to describe crystallinity, elemental composition, and physical dimensions
(such as layer thickness).

Nevertheless, the ESR/EDMR literature generally indicates three classes of defects in Si/HfO,
based systems: interface, near interface, and bulk.2?3? Interface defects exist within the very last region

of highly ordered crystalline Si substrate. At the conventional Si/SiO; interface, the interface defects are
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dangling bonds known as P, centers. Although several variants of the P, center are possible at (100) Si/SiO>
interfaces, they all consist of a dangling bond orbital hosted on a central Si atom which is back-bonded to
three other silicon atoms. The dangling bond orbitals point in specific crystallographic directions leading
to an anisotropic g-tensor.?2427:3031 Comparable defects observed in Si/SiO2/HfO, systems have often
been called “Py-like” defects since their g-values are measured to be nearly identical to conventional Py,
centers in magnetic resonance studies.?*427

On the other hand, bulk defects are those atomic-scale imperfections found well into the HfO;
layer and are akin to what would be found in a large area/volume sample of HfO, (this terminology
specifically excludes large scale defects such as grain boundaries, cracks, voids, etc.)?*2>303133 While
equally important to device operation as the interface defects, bulk defects are poorly understood and
have proved to be rather difficult to study with ESR/EDMR. This is due to the additional spin interactions
mentioned above, as well as the large orbital angular momentum experienced by electrons whose
wavefunctions are localized on Hf atoms. Nevertheless, the dominating defects are generally thought to
be HfO, oxygen vacancies, (Hf**) and O, centers coupled to Hf ions.?%253031,33

Finally, near-interface defects are those centers found in the poorly defined interfacial region.
Literature reports indicate that this region is almost always composed of some type of SiO,-like material
and is dominated by defects similar to those found in bulk Si0,.?%%326:28:2931-33 g;ch defects are called E’
centers; they are silicon dangling bonds with the host Si atom back-bonded to three oxygen atoms, and
are well-characterized by a magnetic resonance spectrum with an isotropic g-value of g = 2.0007. While
E’ centers in amorphous SiO; generally display isotropic g-tensors, the “E’ like” centers found in the near-
interface region of Si/HfO, systems often display subtle indications of anisotropic g-tensors, possibly
owing to nanoscale crystallinity in the adjacent HfO,.222326:282931-33 pdditionally, the spectra of these F’-

like centers are often influenced by large spin-spin interactions caused by nearby hafnium atoms, but they
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are not subjected to the large spin-orbit coupling interactions as is the case with the HfO, bulk defects
discussed above,?*>?%252829,31-33

Previous ESR and EDMR studies have largely focused on native defects related to processing
conditions, and the field of magnetic resonance has largely ignored those generated throughout the
lifetime of real transistors. Several short EDMR studies exist concerning radiation damage3* and the
negative bias temperature instability (NBTI)3>3¢ in hafnium oxide-based devices. Cochrane et al. observed
only defects in the oxide layers of NBTI-stressed, hafnium oxide-based MOSFETs, and observed that the
EDMR response changed based on the temperature and duration of stressing.?® In the only other NBTI
study,® the Pp-like interface defects were observed along with a response from hafnium oxide traps; this
combination of defects was consistent with those generated by gamma irradiation of identical device

structures.3* Magnetic resonance studies of other reliability problems in hafnium-based transistors, such

as hot-carrier damage and time-dependent dielectric breakdown, do not appear in the literature.

In this work, we combine two EDMR techniques in order to gain an understanding of the nature
of hot-carrier damage-induced defects in HfO, based devices. The first is a recently developed technique,
known as EDMR via spin dependent charge pumping (SDCP).” Due to its versatility, sensitivity, and unique
strengths, SDCP is quickly becoming a useful tool to study defects in both silicon carbide® (SiC) and (100)
Si/SiO2 MOSFET devices.*® SDCP is based on the MOSFET interface defect electrical measurement known
as charge pumping (CP).*® On its own, CP is a powerful tool and is easy to implement; it is traditionally
used for counting the number of interface defects (also known as traps) in MOSFETs. Furthermore,
variations also exist which overcome specific measurement challenges associated with advanced
technologies such as nanometer-scale devices which may only contain a single defect (a single broken

bond).*+43
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It's useful to briefly describe both CP and ESR to serve as a foundation for the description of the
merged SDCP measurement. In the simplest case of MOSFET CP, the source and drain of the device are
grounded and a trapezoidal waveform is applied to the gate contact that acts to cyclically accumulate and
invert the gate dielectric/substrate interface. During each cycle, electrons and holes are forced to undergo
recombination events at deep level defects (commonly known as interface defects or interface traps).
Thus, a subsequent recombination current is generated and measured through the substrate/body
contact of the MOSFET, which is held at virtual ground. Any excess carriers diffuse out through the
source/drain and body contacts during the rise (t;) and fall (t;) times of the gate pulse, while trapping of
carriers happens during the high and low times of the voltage pulse. The high and low times correspond
to voltage levels Viigh and Viow, respectively. The CP current, Icp, is at @ maximum when Viign > Vi and View
< Veg, where Vi, and Vi are the threshold and flat band voltages, respectively. A diagram describing the
CP measurement is provided in Figure 1. Here, the specific components of the gate waveform pulse
(voltage and time) are mapped to the corresponding energy diagrams of the MOSFET gate
dielectric/substrate interface. The current Icp thus depends upon the density of interface traps D;: (in units
of cm? eV?l) and the frequency at which the traps are filled and emptied, or the frequency of the
accumulation/inversion cycles, known as the CP frequency fcr. The expression for Icp is given by:

Icp = qAfcpDiAE. (1)
Here, g is electronic charge, A is the gate area, and AE is the range of energy within the bandgap explored,

which is given by:

Viyion =V, 2
AE = 2leTl< High Low > ( )

Vinoni(Ven — Veg) /trts
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Here, k is Boltzmann’s constant, T is temperature, v, is the geometric mean of the electron and hole
thermal velocities, & is the geometric mean of the electron and hole capture cross sections, and n; is the
intrinsic carrier concentration. Thus, I is linear with respect to fcr with a slope dictated by Di. A
representative figure showing Icp versus fcp of a Si/SiO,/HfO, MOSFET used in this study is shown in Figure

2. It should be noted that at room temperature, AE = 50 % of the Si bandgap.
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Fig. 1. Step-by-step description of the charge pumpingcycle.t, t, t, tare the low, rise, high, and fall time

of the waveform and VHigh/VIow are the high and low voltages.

0 200 400 600 800 1000
fop [kHz]



10

11

12

13

14

15

16

17

18

19

20

21

22

Fig. 2. Experimental Icp vs. fcp characteristics for a Hf0,/Si02/Si MOSFET with Dir = 1.5 x 102 cm2 eV2.

We will now give a brief introduction to ESR principles, but more detailed descriptions are
available from a variety of textbooks.?®2%% |n ESR, a material with paramagnetic point defects is placed
within an electromagnet that provides a polarizing magnetic field Bo that acts to split the energy levels of
unpaired electrons, with the levels corresponding to the two allowed electron spin quantum numbers, m;
=+1/2 and ms =-1/2. Simultaneously, the sample is held in a microwave cavity and is exposed to photons
of energy hv, where h Planck’s constant and v is the frequency. When the incoming photon energy
matches the energy difference between the two electron spin states, resonance occurs and transitions
can be made between the two spin states (electrons can flip their spin quantum number). Assuming the
electrons are completely unperturbed by their local environment, the resonance condition is given by:

hv = geupBo (3)
where, g, = 2.0023 is the Landé g factor and g is the Bohr magneton. This experiment is typically (but
not necessarily) performed by holding the photon energy constant and recording absorbed energy as a
function of magnetic field. Perturbations to (3) shed light on the physical and chemical nature of the
defects involved. The two most important perturbations are spin-orbit coupling, which involves the orbital
angular momentum of the electron with respect to the positively charged nucleus, and electron-nuclear
hyperfine interactions which arise from nearby magnetic nuclei. These two perturbations determine the
structure of an ESR spectrum, which can be utilized to identify defects and obtain information about the
surrounding lattice. The two mechanisms can be described via a spin Hamiltonian of the form
H=ugB -g-S+X;1,-4;S. (4)
Here, B = Bk is the applied magnetic field vector, g and A4 are 2" rank tensors that describe the spin-
orbit coupling and electron-nuclear hyperfine interactions, respectively, S is the electron spin operator,

and T; is the nuclear spin operator for the ith nucleus. The components of g yield deviations from the g,



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

of (3) caused by spin-orbit coupling, which depends on the atomic number of the nucleus and the orbital
angular momentum of the electron. The components of A yield information regarding nearby magnetic
nuclei in the system and the strength of their magnetic interactions with the defect electron spins. Other
spin-spin interactions, such as dipolar and exchange interactions, are also observable via ESR and more
advanced resonance methods®.

For studies of micro- and nano-scale technology, EDMR is implemented rather than ESR. Unlike
ESR, where the energy absorbed by the sample is monitored as a function of magnetic field, a device
current is monitored as a function of magnetic field in an EDMR measurement. Several spin-dependent
transport phenomena can be invoked as the source of the EDMR-induced current change; in this work we
utilize both spin-dependent recombination (SDR) via SDCP, and spin-dependent tunneling (SDT). EDMR is
typically about 107 times more sensitive than ESR* (ESR has an absolute sensitivity of about 10! spins per

)*, yet it provides much of the same analytical power. The absolute

mT linewidth at X-band frequencies
sensitivity limit of EDMR in fully-processed MOSFETs is difficult to define since it depends on both the
defect density and the kinetics of electronic transport, which can vary with biasing. EDMR also has the
advantage of being selective to only electrically active defect centers which affect device performance.
One of the most important mechanisms for spin-dependent transport is spin-dependent
recombination. It is described in the seminal work by Kaplan, Solomon, and Mott (KSM)*” and has since
been refined.*® Consider the case when a device containing paramagnetic deep level defects is subjected
to Bp and photons of energy hv. The magnetic field aligns the spin of the defect electron and a nearby
conduction level electron (In actuality, the “conduction level” is an intermediate level close to one of the
bands, such as a shallow-state donor in Si)*. If both the conduction electron and defect electron have the
same spin quantum number m; (a triplet spin pair), the transition of the conduction electron into the

defect site is forbidden by the Pauli exclusion principle. However, under ESR resonance conditions, the

defect electron can flip spin sates, converting the triplet spin pair to a singlet spin pair, and enabling the
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previously forbidden capture of a conduction electron. The captured electron is now available for
electron-hole recombination. The process produces a measurable change in recombination current which,
when plotted vs. magnetic field, is nearly identical to a classical ESR response involving the same defect
centers.

SDCP is one method of generating SDR current at MOSFET interfaces; it involves forcing SDR
events to occur during CP gate voltage cycles. Thus, SDR can be measured via EDMR through the substrate
contact. This SDCP method probes defects over a large percentage of the bandgap, even at room

temperature, as determined by equation (2). This is a significant advantage over other MOSFET-based SDR
techniques, in which the range of the bandgap explored is usually only about %qVBiaS centered around

the middle of the bandgap, where Vy;, is the diode forward bias voltage.***°

Experimental

The MOSFETSs used in this study consist of a (100) Si substrate with a 2 nm purposely grown SiO,
interfacial layer and a 3 nm HfO, dielectric layer capped with a TiN gate contact. The channel length and
channel widths are 1 um and 100 pum, respectively. The samples were hot carrier stressed (consisting of
drain or source voltage of 3.5 V and gate voltage of 1.3 V for 2000 seconds). An analysis of Icp as a function
of fcp for a pre-stress and post-stress device confirms a linear relationship consistent with (1), and yields
Dir=1.5 x 10* cm2eVL. Pre-stress, the devices have an order of magnitude less D;. Measurements were
carried out utilizing an arbitrary waveform generator connected to the gate terminal of the device, the
source and drain held at ground and the substrate current measured while being held at virtual ground.
The substrate was connected to a transimpedance amplifier, the output of which was fed into a data
acquisition system. Since the expected EDMR-induced changes in device current are often on the order

of pA, we utilize virtual lock-in amplification with magnetic field modulation. EDMR measurements in

10
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MOSFETs are subject to white noise, flicker noise, and shot noise. The use of lock-in detection reduces
both white and flicker noise contributions. The lock-in amplifier output is approximately the derivative of
the EDMR-induced change in device current. We define the EDMR intensity as the maximum change in
current between on-resonance and off-resonance fields. The EDMR intensity is read after numerically
integrating the output of the lock-in amplifier with respect to magnetic field and dividing the resulting
spectrum by the modulation amplitude. By is provided by a 4-inch electromagnet with power supply and
Gaussmeter/Hall probe with magnetic field control achieved utilizing proportional-integral-derivative
feedback. The sample is held within a microwave cavity with optimal dimensions for 9 GHz to 10 GHz (X-
band) standing waves. The microwaves are provided by a microwave source with maximum output of 33
dBm. The microwaves are channeled through a custom-built microwave bridge that is connected to the
cavity plumbing allowing for cavity tuning and conventional ESR detection. Strong pitch was used as a
standard to calibrate the magnetic field for accurate g component measurements. The uncertainty in g
is +0.0003 based on the combined uncertainty in magnetic field and microwave frequency. All
measurements were performed at room temperature. Signal averaging times of several hours to several
days were used to obtain the EDMR results in this work. At these averaging times, the typical detection

limit for the EDMR intensity was 4 pA.

Results and Discussion

No EDMR responses were resolved above the detection limit in pre-stress SDCP measurements.
After hot-carrier stressing, two differing responses appear in SDCP measurements, depending upon the
values of Vuigh and Viow. Since these responses are not present in fresh transistors, we conclude that they
are a result of the hot-carrier stressing. Figure 3 compares three SDCP spectra taken at three different
voltage ranges corresponding to (a) Viigh = 0.75 V, View = -2.1V, (b) Viigh =-1.9V, Viow =-2.1V, and (c) Vuign

=-0.1V, Viow =-0.5 V. In all three cases, fcr was 2 MHz.

11
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The spectra in Figures 3(a) and 3(b) exhibit nearly identical responses. This is surprising, since one
would expect that Viigh = -1.9 V and Vjow = -2.1 V would not produce a SDCP response since both of these
biases are outside of Vi, < V < Vi, while one would expect a SDCP response from the voltages used for
Figure 4(a) since they span the entirety of Vi, to Vin. Interestingly, when Viign and Viow are set within the
range of Vi, and Vs, respectively, a different SDCP response is observed, as shown in shown in Figure 3(c).

The observed g = 2.0044 in Figure 3(c) is slightly off from that typically observed for P, centers at
Si0,/(100)Si MOSFET interfaces (2.0059 for Pyo and 2.0031 for Py1).32°152 Pribicko et al. report gated diode
measurement SDR in similar devices and observe a signal very similar to this.?’ They argue that their
spectrum could be P,-like defects that are a superposition of Py and Py within a highly disordered SiO,/Si
interface region. The near perfect 50 % superposition of the g ~ 2.0044 reported here also agrees with
this interpretation as one would expect to have a near uniform distribution of both Pyy and Py in an
interface region of high disorder. Similar scenarios involving combinations of these two defects have been

noted in other EDMR studies as well.>35>

s 2.1 V/VH\gh =075V

~__|

g~ 2.0002

g~ 2.0008

T
VLow =-05V/ VHigh =-0.1V
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Fig. 3. (a) SDCP spectrum taken with V5, =0.75Vand Vy,, = -2.1V. (b) SDCP spectrum taken with V;gp,
=-1.9VandV,,, =-2.1V. (c) SDCP spectrum taken with Vy;,, =-0.1V and V;,, = -0.5 V. Note that the

spectra in (a) and (b) are nearly identical aside from noise and the spectrum in (c) is very different than
that of (a) and (b), implying two different voltage parameter-dependent defects.

The g = 2.0002/2.0008 spectrum is likely not related to an interface defect, but rather exists
within the gate stack. This spectrum is notably broader than the g = 2.0044 spectrum, implying that the
spectrum may be broadened by either hyperfine interactions, spin-spin interactions between the defect
electron and other unpaired electrons, or saturation. If the defects are within the dielectric stack, it is
possible that the defects may be coupled to comparatively large Hf atoms with magnetic nuclei and d-
shell electrons. Thus, large, additional spin-spin interactions likely broaden the spectrum. This idea of

1.222% and Cochrane et al.*® in magnetic resonance-

broadening has been reported in works by Ryan et a
based measurements in similar devices. They also observe the signal g = 2.0002/2.0008 and indicate
that it is likely an E’ variant (likely a E’ center coupled to a Hf atom).?22?% In a paper by Wang et al., it was
proposed that oxygen deficient HfO, will pull oxygen from the SiO, interfacial layer, stimulating the
generation of oxygen vacancy centers in the SiO,°® If the defect electrons were localized on Hf atoms, we
would expect significantly larger spin-orbit interactions, and a g-value which deviates much farther from
the free electron g (ge = 2.0023...) than that of the E’ center. Thus, we conclude that the observed
responses in Figures 3(a) and 3(b) are an E’-variant in which the defect electron is interacting with (but is
not localized on) one or more Hf atoms. Since it would be impossible for Vy;4, =-1.9 V to create enough
electrons at the interface to facilitate charge pumping, it is possible that the response observed here is
caused by an alternate EDMR mechanism.

To better understand the nature of these two different defect spectra, variable V;,,,, constant

Vhign = 0.75 V SDCP experiments were conducted. The relative EDMR intensity as a function of V,,,,, is

13



1  shownin Figure 4. The dotted line indicates the V;,,, corresponding to an approximate point at which the
2 spectrum changes shape and g value (no changes in spectrum shape and center crossing are observed at
3 othervoltages). It appears that the spectrum corresponding to g = 2.0002/2.0008 increases when V;,,
4  <-1.0V (voltages beyond -2.1 V were not explored as the devices underwent additional stressing over the
5 length of the measurement time past this bias). The spectrum corresponding to g = 2.0044 peaks in
6  amplitude at V;,,, =-0.5 V. Similar peaks in EDMR intensity from have been observed via dc SDR EDMR

7  measurements in the past®’.

VHigh =075V

—
T

g~ 2.0002 g = 2.0045

Relative EDMR Intensity (arb. units)

V.o V]

Low

9 Fig. 4. Relative EDMR intensity vs. V;,,, of the SDCP results showing the presence of two different
10  defects based upon two different g values. The parameter V,,, is varied and two defects become

11  prominent at two different ranges of V.
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Figures 5 and 6 show variable Vy;4p, constant V4, = -0.5Vand V;,,, =-2.1V, respectively. Note
that in both figures, a peak is also observed but corresponds to Vy;4p, = -0.1 V. The presence of this peak
is consistent with Figure 4, and we thus conclude its validity (it is not an anomaly). These somewhat
strange voltage dependencies obviously cannot be attributed to spin-dependent charge pumping alone,

and must be at least partially related to another EDMR mechanism.
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Fig. 5. Relative EDMR intensity vs. V45, SDCP results with V;,,, = -0.5 V. Here, all the spectra obtained
are identical aside from relative intensity. Note the peak at -0.1 V.
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Fig. 6. Relative EDMR intensity vs. V4, SDCP results with V,,, = -2.1 V. Here, all the spectra obtained
are identical aside from relative intensity.

EDMR can also be detected via spin-dependent tunneling (SDT)®8. This method is used to probe
defects that act as tunneling centers in dielectrics. The principle behind SDT is similar to that of the KSM
picture of SDR; in order for an electron to use a paramagnetic defect in a dielectric layer as a tunneling
center, the tunneling electron and defect electron must be a singlet pair. As discussed above, magnetic
resonance can facilitate the conversion of triplet spin pairs, for which a tunneling event would be
forbidden, to singlet spin pairs. In the case of SDT, this means that at the resonance condition, an increase
in tunneling current is observed. A plot of tunneling current vs magnetic field yields a spectrum nearly
identical to that of the ESR spectra of the defect(s) involved. The SDT process is illustrated in Figure 7.

To determine if SDT is responsible for the E’-variant response, SDT measurements were made

through the gates of large area, hot-carrier-stressed transistors on the same die. For these SDT

16
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Fig. 7. Simplified illustration of SDT in a metal-oxide-semiconductor structure. Under bias, defects in the
dielectric (and sometimes defects at the oxide interface) act as tunneling centers. If the defects are

paramagnetic, some tunneling events are forbidden by the Pauli exclusion principle.

measurements, the source and drain were floated, ensuring that contribution from SDCP was impossible.
In Figure 8(a), we plot the spin-dependent tunneling (SDT) response from a 100 um X 100 um transistor
of the same composition and after the same stressing conditions as those used in the SDCP
measurements. Here, the gate voltage was set to -2.1 V with the substrate current measured. The
spectrum in Figure 8(a) closely resembles that of Figures 3(a) and 3(b). In Figure 8(b), we plot the
amplitude of the SDT spectrum as a function of the gate voltage. Note that the left sides of Figures 4 and
8(b) follow very similar trends in amplitude, and also exhibit the same g-value (within experimental error).
Thus, we confirm that this defect response is purely due to SDT in both cases. The g = 2.0044 signal was

not detected in the SDT measurements, indicating that this response must be purely due to a traditional

17



SDCP process. In work by Mitrovic et al., defect levels near 1.8 eV below the conduction band of HfO,
were shown to act as effecting trap-assisted tunneling traps.>® It is possible that holes tunneling from the
valence band atV; = 2 Vinto these levels are responsible for the defect spectrum observed for the g =

2.0002/2.0008 defect.

100 pzm x 100 xm gate
dimensions,
Vg =-2.1V, source/drain floated

\ g =2.0009

Lock-in Amplifier Output (arb. units)

a.)
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Fig. 8. (a) SDT response measured through the substrate contact with V; =-2.1V and the source and drain

floated. Note the similarity to Figures 3(a) and 3(b). (b) Integrated SDT amplitude as a function of V,.

Conclusions
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SDCP and SDT have been utilized to study HfO,/SiO,/Si-based MOSFETSs after hot-carrier stressing.
SDCP reveals that defects are generated by hot-carrier stressing at the Si/SiO, interface and in the bulk
oxide when certain CP parameters are used. We have confirmed that the bulk defects are observed via
SDT during the SDCP process by making DC SDT measurements on comparable structures. We were able
to make a tentative physical and chemical identification of both defects, one being ascribed to a Py-like
interface defect and the other a E’-like defect within the dielectric stack, likely coupled to one or more Hf
atoms. The Py-like defect lies within the energy range explored by our charge pumping measurements
(the middle 50% of the Si bandgap). Although more work is needed to get a truly complete atomic scale
picture of both defects, it is clear that these two distinctly different defects are generated via hot-carrier
stressing and contribute to electronic transport in Hf-based transistors. Obviously, the tunneling currents
may not be observed in systems with much thicker dielectric stack regions, and only near-interface SDCP
defects could be observed in this case; however, in modern systems utilizing HfO,/SiO,/Si, field dielectrics
are often thin enough to allow for trap-assistant tunneling currents. This work also highlights the power
of combining EDMR methods when studying complex systems. Such a strategy allows one to determine
not only the identities of the defects, but also where they exist physically in the device (i. e. in the channel
region vs. within a dielectric layer).

Future work should involve SDCP measurements at variable temperatures, precise orientation
studies, and multi-field/frequency SDCP. Further comparisons to other damage mechanisms, such as
time-dependent dielectric breakdown, should also be the subject of future research. The application of
EDMR techniques, especially SDT, to Hf-based ReRAM (or other Hf-based memory devices) is also of

interest since oxygen vacancies are vital to their operation.
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