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Abstract—We identify two distinct atomic-scale defect
responses following hot carrier stressing of HfO2 based metal-
oxide-semiconductor field-effect transistors (MOSFETS).
Revealed through various electron spin based magnetic
resonance techniques, including spin dependent charge
pumping (SDCP) and spin dependent tunneling (SDT), we
describe in detail the physical and chemical nature of the two
defect responses. Depending on the specific MOSFET biasing
configuration and the response magnitude of each defect type,
we detect magnetic resonance spectra originating from
recombination at defect centers located precisely at the
silicon/oxide interface, trap assisted tunneling current through
defects located in the oxide bulk, or some combination of both.
The results are correlated to and quantified by purely electrical
based (non-resonant) measurements of MOSFET charge
pumping (CP) and gate leakage behavior. Finally, the non-
resonant electrical measurements include deconvolution of the
two competing (CP and leakage) mechanisms via frequency
modulated CP techniques.
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I. INTRODUCTION

Metal-oxide-semiconductor field-effect-transistors
(MOSFETS) based on Si/SiO»/HfO, materials have dominated
state-of-the-art integrated circuits for well over a decade [1].
Despite being mainstream, many unanswered questions
remain regarding the identity of, and role that atomic-scale
trapping centers play in various reliability mechanisms,
including hot carrier degradation [2]. Purely electrical-based
measurements of charge pumping (CP) current [3] and gate
leakage current [2] have proven useful for shedding light on
the evolution of reliability issues by providing qualitative
and/or quantitative information about the specific atomic scale
trapping centers responsible for the degradation. These
electrical based metrology techniques are also noteworthy
since they both can be extended to include analytical electron
spin resonance (ESR) responses via electrically detected
magnetic resonance (EDMR). When configured as such, spin-
dependent charge pumping (SDCP) [4] and spin-dependent
tunneling (SDT) [5] provide all the normal information
available with the purely electrical versions, with the added
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analytical ability to provide detailed chemical and physical
identification of the specific atomic scale defect centers
responsible for observed reliability degradation, even at the
scale of a single transistor. This vastly increases the power and
usefulness by providing a direct and often quantitative link
between device parametric degradation and specific atomic-
scale defect entities.

Briefly, both EDMR techniques rely on the Pauli
exclusion principle to enhance or impede some current
producing mechanism that involves the interaction of two spin
species. For the case of SDCP, the EDMR response is read out
via the CP current itself; here, the MOSFET is biased to
produce a CP current in the normal fashion [3] which involves
electron-hole recombination through interface defects at the
semiconductor/oxide juncture. The device is then placed
within a microwave resonance cavity, tuned to a constant
frequency, that resides between the poles of an electromagnet.
The magnetic field is swept while the CP current is monitored.
When the ESR resonance condition for the interface traps is
satisfied, a change in CP current is observed due to previously
forbidden spin transitions becoming allowed.

The experimental setup is nearly identical for SDT. In this
configuration, the EDMR response is read out via a gate
leakage current that involves some intermediary spin species
(so called trap assisted tunneling current) located within the
gate oxide bulk region. Here, the MOSFET (or simpler
capacitor structures) is biased to produce a gate leakage
current which is monitored as a function of magnetic field.
When the ESR resonance condition is satisfied, a change in
leakage current is observed again due to previously forbidden
spin transitions becoming allowed. A much more thorough
and detailed description of SDCP and SDT processes is
described elsewhere [4-5].

Both SDCP and SDT results are interpreted in terms of the
underlying ESR response. Information about the physical
defect wavefunction is gained from the effects of spin-orbit
coupling at the defect site. This is related to the specific
combination of magnetic field strength (Zeeman energy
splitting) and microwave frequency (photon energy) that
resonance occurs at. This is expressed as the “g-value” for a
particular experiment and contains all the detailed chemical
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and physical spectroscopic information. In addition, the
results can also reveal spin-spin interactions between the
defect electron(s) and nearby magnetic species, typically
magnetic nuclei, or other unpaired electrons. These can
manifest themselves as a splitting of the resonance if the
magnetic species are closely tied to the structure of the defect
center, or as a broadening of the resonance spectrum if they
are not. Again, more detailed explanations are available
elsewhere [4-5].

In this paper, we present SDCP and SDT results from a
single hot carrier stressed p-type Si/SiO (2 nm)/HfO- (3 nm)
planar MOSFET and, building upon previous work [6], we
directly link the analytical magnetic resonance defect
responses to purely electrical data. Thus, providing a
convenient and powerful link between specific defect entities
and device parametric degradation. The gate width of the
transistors was 100 pum and the channel length was 1 um. The
large area devices were selected to ensure reasonable
detection times for SDCP and SDT measurements. Strong
pitch was used as a standard reference material to calibrate the
magnetic field for accurate g component measurements. The
uncertainty in g is £0.0003 and the typical detection limit for
the EDMR current change was 4 pA. All measurements and
device stressing were conducted at room temperature.

Il. RESULTS AND DISCUSSION

Fig. 1 illustrates the results of purely electrical (no
resonance) CP measurements before (blue) and after (red) hot
carrier stressing the device at Vq = 1.3V and V4= 3.5V for
2000 s. The constant amplitude (AVcp = 0.5 V) swept base
voltage (Vmiacp) CP measurements, performed at a CP
frequency of fcp = 500 kHz, display a characteristic peak
which is directly proportional to the number of interface
defects participating in the mechanism [3]. The peak increases
in amplitude following stress clearly indicating the creation of
interface defects due to the stress conditions.
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Fig. 1: Purely electrical (non-resonant) constant amplitude swept base
voltage CP measurements before (blue) and after (red) hot-carrier
stressing. The characteristic “peaks” in these curves are due to
recombination at interface defects. The peak amplitude clearly increases
following stress which is indicative of stress induced interface defect
generation. Also note that because the CP current is measured through the
MOSFET substrate contact, it also includes contributions from gate
leakage currents. These gate leakage contributions also increase post
stress, most noticeably at the far left and far right of the curves.

A shift in threshold voltage of approximately 70 mV,
measured via standard drain current versus gate voltage
measurements (not shown) was also induced by the stress
conditions. Since the CP current is measured through the
device substrate contact, while the source (S) and drain (D)
are grounded and a voltage pulse train is applied to the gate,
the current measurement by default also includes any gate
leakage current components [7]. This is especially noticeable
when the device is biased outside voltage regions which do
not support CP recombination. In other words, the voltage
ranges which do not allow for sufficient populations of both
electrons and holes that are required for recombination. In
these regions (the far-left negative gate voltages and far-right
positive gate voltages of fig. 1) there is a small but noticeable
increase in leakage current following stress.

Fig. 2a illustrates the post stress EDMR results at three
different gate voltage pulse values (Vnignh,ce and Viow,cp) Which
correspond to three distinct regions of biasing, as highlighted
within the figure. Note that no EDMR responses could be
resolved with reasonable signal averaging in pre-stress
devices, owing to their apparent as processed low defect
density. Additionally, Fig. 3 shows a purely DC SDT
response; that is, a measurement utilizing a constant gate
voltage rather than the square waves utilized in fig. 2. Here, a
much larger gate area (gate length and width are 100 um)
device was used to enhance the signal to noise ratio.
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Fig. 2: (a) Post-stress EDMR results reveal different defect responses
depending on the specifc gate voltage waveform utilized. As illustrated in
fig. 2b. the voltages used either fully support SDCP (red), fully support

SDT (green), or support some intermediary simultaneious combination of
SDCP and SDT (blue).




As noted, the three measurements of fig. 2a were taken at
three distinct regions of gate voltage biasing. The voltages
used in the top trace (red, Vhighcr = -0.1 V and Vigwcp = -0.5
V) fully supports CP based recombination (by having
participation from both electrons and holes) through interface
states while also minimizing any additional gate leakage
current (by keep the voltages relatively low, gate leakage is
minimized). Thus, this g = 2.0044 response is almost
completely due to SDCP at defects located at the Si/SiO;
interface. Also known as the Py, center family of defects, these
“dangling bond” defects consist of a central silicon atom back
bonded to three other silicon atoms and are dominating defects
in most Si/SiO, systems, as discussed in detail elsewhere [8-
11]. Its worth noting that the spectra observed here is
significantly broadened compared to the spectra observed for
pure Si/SiO, systems. This is likely due to large spin-orbit
coupling effects between the dangling bond electron and
nearby hafnium atoms, as previously observed [12-13].
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Fig. 3: Pure SDT spectrum obtained by making the measurement with a
DC gate bias (source and drain floating) rather than a square wave. While
made on a much larger area device to enhance the signal to noise ratio, the
spectrum is consistent with E” centers located within the SiO, interfacial
layer. The significant broadening indicates large spin orbit coupling with
nearby hafnium atoms.

On the other hand, the middle trace (green, Vhighcp = -1.9
V and Viwer = -2.1 V) does not support any CP
recombination (the waveform is always entirely in
accumulation thus only one type of charge carrier is ever
present) and the observed response is likely entirely due to an
SDT effect. Consistent with the measured g-values, this
almost pure SDT response is likely due to oxygen vacancy
defects in the 2 nm SiO; layer (known as the E’ center family
of defects) serving as intermediary hopping sites in a trap
assisted tunneling process through the gate state. Note that this
spectrum is significantly broadened, likely due to spin-orbit
interactions with nearby hafnium atoms in the interfacial layer
[13-14]. This is additionally validated in Fig 3 which
illustrates a pure DC SDT measurement, in which the applied
gate voltage (V¢ =-2.1V, S/D floating) is constant throughout
the measurement, as opposed to the square wave voltage pulse
trains used elsewhere.

Lastly, the bottom trace (blue, Vhighce = 0.75 V and Viow,cp
= -2.1 V) supports a convoluted combination of CP
recombination as well as a fairly large contribution from gate
leakage. Thus, one would expect a combined SDCP and SDT
response, in effect, a combination of the previous two
responses (red and green spectra from fig. 2). However, the
response observed is clearly not consistent with this
assessment. Here, only the spectrum consistent with that of the
SDT response is observed (the green curve of fig. 2a and fig.
3).

While seemingly inconsistent, the reason becomes
apparent when purely electrical (non-resonant) CP curves are
taken with increasing AVcp, as shown in fig. 4. Here, at

smaller values of AVcp, similar to fig. 1, the characteristic
peak associated with CP through interface defects is clearly
observed (the red vertical line is provided as a guide to the
eye). At larger Vmig voltages (either positive or negative) the
current rapidly increases due to gate leakage. However, when
the AVcp is increased, the additional gate leakage current
quickly increases and overwhelms the CP response, occurring
as early as AVcp = 0.8 V. Thus, the reason the EDMR spectra
that should support both SDCP and SDT only produces the
SDT response (blue spectrum of fig. 2a), is simply that the
leakage current is much larger and simply overwhelms the
SDCP response. In other words, both responses are present,
but is simply dominated by the larger SDT response.
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Fig. 4: Non resonant charge pumping and leakage characteristics as a
function of AVcpe. At small voltages, the characteristic peak due to
interrface trap recombination is clearly present. Increased voltage results
in increased leakage current which rapidly overhwhelms and obscures the
CP peak response. The red, dotted line draws the eye to the disappearing
peak in CP current.

To confirm this ascertain and attempt to deconvolute the
contributions from both competing mechanisms, frequency
modulated CP (FMCP) was implemented [7, 15].
Schematically described in fig. 5, FMCP takes advantage of
the fact that CP current is frequency-dependent, while leakage
current is not, when a constant waveform shape factor is used.
In this configuration, the CP gate waveform is modulated
(alternated) between two different frequencies, Frigh and Fiow
(modulation depth) at some rate, known as the modulation
frequency, using an arbitrary waveform generator (AWG).
The subsequent two-level CP signal is fed into a current
preamplifier and subsequent lock in amplifier (LIA) phase
locked to the modulation frequency. Thus, the lock-in output
is proportional to the difference between the two CP signal
levels, Alemcp = Iep(Fhigh) — Icr(Fiow) corresponding to CP at a
frequency equal to the modulation depth, Icp (Fhign-
Fiow).Further details and discussion about the FMCP
measurement can be found elsewhere [7, 15].

The FMCP results are shown in fig. 6. and were obtained
by utilizing a modulated gate waveform with AVep = 1.0 V,
the most extreme (highest leakage) voltages used in fig. 4 and
do not display any CP response. With FMCP detection
however, for the same case of extreme leakage components,
we can clearly resolve the characteristic peak associated with
CP through interface states, despite the very large leakage
component background. Thus, this data serves as confirmation
that for the convoluted EDMR measurements, there is still a



small SDCP contribution that is simply overwhelmed by the
large leakage response.

While not shown, implementing an FMCP concept into the
measurements of fig. 2 would be a very worthwhile future
pursuit in order deconvolute SDCP versus SDT and allow for
identification of interface defects in biasing schemes
overwhelmed by gate leakage.
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Fig. 5. FMCP block diagram in which the frequency modulated gate
voltage waveform is provide by an arbitrary waveform generator and the
subsequent substrate current is measured via lock-in detection. This
provides a leakage free measure of CP.
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Fig. 6: Even at the most extreme leakage conditions of fig. 4, AVep =1V,
FMCP clearly shows the characteristic CP peak.

I1l. CONCLUSIONS

We utilize SDT and SDCP to identify two distinct hot-
carrier-induced defect responses in HfO, based MOSFETS.
Consistent with interface defect recombination and/or trap

assisted tunneling through oxide defects, the observed spin
dependent responses depend on the biasing specifics,
sometimes producing a convoluted combination of both. We
provide detailed magnetic resonance identification of both
defect entities and support our analysis by connecting the
magnetic resonance results to traditional leakage current,
charge pumping, and frequency-modulated charge pumping
measurements. We also propose a more efficient
deconvolution method, in the form of frequency-modulated,
spin-dependent charge pumping, which should be explored in
the future.
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