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Abstract 

We discuss a new technique to measure spin dependent trapping events at the metal-

oxide-semiconductor field-effect transistor (MOSFET) channel/gate dielectric interface. We call 

this technique near zero field spin dependent charge pumping (NZF SDCP). It is based on a 

powerful MOSFET interface trap characterization measurement called charge pumping and 

related to an electrically detected magnetic resonance (EDMR) technique called SDCP. NZF 

SDCP and EDMR SDCP measurements are made on 4H-SiC MOSFETs, and we find that the 

introduction of nitrogen to the MOSFET interface can have a profound impact on the NZF SDCP 

response, which suggests that NZF SDCP may be useful to get atomic scale information about 

MOSFET interfaces such as defect identification. We also find that the NZF SDCP amplitude 

appears to saturate as a function of charge pumping frequency in most cases, but not all. We 

make model calculations to explain this behavior. We also find that the NZF SDCP spectrum 

broadens with increasing charge pumping frequency, which may be an inherent NZF SDCP 

phenomena. We hypothesize that NZF SDCP may also allow for experimental exploration of 

some magnetoresistance theories regarding interaction times between charge carriers and traps.  

 

Introduction 

Since the discovery of giant magnetoresistance [1], [2], magnetic spintronic devices have 

become an integral part of computing. They are typically used in hard drive read heads [3] and 

show promise as magnetic random access memory [4]. The success of this technology has 

sparked the study of organic and inorganic semiconductor spintronic devices. These devices 

provide a novel approach to, among other things, quantum computing [5] and magnetic field 

sensing [6]. Their utility comes from magnetoresistive phenomena exemplified by organic 

magnetoresistance (OMAR) [7], [8], magnetoelectroluminescence (MEL) [9], near zero field 

spin dependent trap assisted tunneling [10], and zero field spin dependent recombination [6], 

[11]. Some of these techniques show promise for extracting atomic scale information about 

defects involved in these processes [10], [11]. While the exact physical mechanisms responsible 



for these phenomena are debated, all of them involve manipulating inherent spin dependent 

phenomena using only (typically small) magnetic fields. These magnetoresistive phenomena are 

typically measured as a change in resistance of a device current or, in the case of MEL, 

electroluminescence. In this work, we discuss a novel spintronic technique called near zero field 

spin dependent charge pumping (NZF SDCP) which involves measurement of spin dependent 

events related to charge capture at the channel/gate dielectric interface of metal-oxide-

semiconductor field-effect transistors (MOSFETs). We note that “near zero field” refers to the 

quasi-static magnetic field magnitude which is exposed to the MOSFET.  

NZF SDCP detects spin dependent events via current produced by the charge pumping 

(CP) measurement [12]–[14]. CP is a powerful electrical measurement used to characterize 

channel/gate dielectric interface traps in MOSFETs. The CP process, in the most straightforward 

approach, involves application of a continuous trapezoidal waveform to the MOSFET gate in 

order to alternately invert and accumulate the interface. This effect fills and empties the traps at 

the interface region. The trapezoidal gate waveform has a high time (𝑡𝐻), defined as the time at 

which the gate waveform is at the highest voltage level (𝑉𝐻), a low time (𝑡𝐿), defined as the time 

at which the gate waveform is at the lowest voltage level (𝑉𝐿), a rise time (𝑡𝑟), defined as the 

time of the ramp, or rising edge, from 𝑉𝐿 to 𝑉𝐻, and a fall time (𝑡𝑓), defined as the time of the 

ramp, or falling edge, from 𝑉𝐻 to 𝑉𝐿. The waveform repeats at some frequency called the charge 

pumping frequency (𝑓𝐶𝑃). Figure 1 illustrates a schematic of the gate waveform and its 

characteristic times and voltages. For an n-MOSFET, 𝑉𝐿 is chosen such that it accumulates the 

interface (less than flat bands voltage) and 𝑉𝐻 is chosen so that it inverts the interface (greater 

than threshold voltage). For our case, the source and drain are grounded. To understand the CP 

process, we first consider the gate to be at 𝑉𝐿. The interface is in accumulation and interface traps 

fill with holes. The gate voltage then ramps from 𝑉𝐿 to 𝑉𝐻. When 𝑉𝐻 is equal to threshold 

voltage, the interface inverts and free electrons from the source and drain diffuse into the 

channel. Some of the free electrons fill the interface traps. During the ramp from 𝑉𝐻 back to 𝑉𝐿, 

the excess free electrons are allowed to diffuse from the channel back to the source and drain. 

Note that during the rising and falling edges of the pulse, some and electrons will thermally emit 

from the interface traps, but for short 𝑡𝑟 and 𝑡𝑓, the effect is small. Back at 𝑉𝐿, the interface is 

accumulated and holes from the body recombine with the trapped electrons at the interface. The 

repeating CP process results in a net change in current from interface trap recombination called 

the charge pumping current (𝐼𝐶𝑃). 𝐼𝐶𝑃 is typically measured at the body contact and is given by 

[12]–[14]: 

 𝐼𝐶𝑃 = 𝑞𝑓𝐶𝑃𝐴𝑒𝑓𝑓𝐷𝑖𝑡𝛥𝐸𝐶𝑃, (1) 

where 𝑞 is the electronic charge, 𝑓𝐶𝑃 is the frequency of the trapezoidal gate waveform, 𝐴𝑒𝑓𝑓 is 

the effective channel area (the area of the channel which is made to invert and accumulate), and 

𝐷𝑖𝑡 is the mean density of interface states within the measured band gap energy window (𝛥𝐸𝐶𝑃). 

𝛥𝐸𝐶𝑃 is nearly symmetric about mid gap and can be estimated by [12]–[14]: 

Here, 𝑘𝐵 is Boltzmann’s constant, 𝑇 is the temperature, 𝑛𝑖 is the intrinsic carrier concentration, 

𝑣𝑡ℎ  is the geometric average of the electron and hole thermal velocity, 𝑡𝑟 and 𝑡𝑓 are the rise and 

 
𝛥𝐸𝐶𝑃 = 2𝑘𝐵𝑇 ln (𝑛𝑖𝑣𝑡ℎ√𝜎𝑛𝜎𝑝√𝑡𝑟𝑡𝑓

|𝑉𝐹𝐵
𝐶𝑃 − 𝑉𝑇𝐻

𝐶𝑃|

𝛥𝑉𝐺 
 ) . (1a) 



fall times of the gate waveform edges, respectively, 𝛥𝑉𝐺 = 𝑉𝐻 − 𝑉𝐿 is the waveform amplitude,  

𝑉𝑇𝐻
𝐶𝑃 and  𝑉𝐹𝐵

𝐶𝑃 are the charge pumping threshold and flat band voltages, respectively, and 𝜎𝑛 and 

𝜎𝑝 are the electron and hole capture cross sections, respectively. To measure the NZF SDCP 

effect, a CP measurement is made on a MOSFET placed in a small magnetic field which is swept 

from (e.g. 0 mT to 1 mT) or through (e.g. -1 mT to 1 mT) zero mT. 𝐼𝐶𝑃 is measured as a function 

of the magnetic field.  

As is the case for many magnetoresistive-like processes, the underlying physical 

mechanisms involved in NZF SDCP is not fully understood. However, we can gain a qualitative 

knowledge by considering the spin dependence of recombination in semiconductors. The spin 

dependence of recombination is attributed to the formation of intermediate (pre-recombination) 

singlet and triplet spin pair states between conduction band electrons and paramagnetic defects 

[15], [16]. (For our case, the defects involved can be throughout a great majority of the band gap, 

as calculated from 𝛥𝐸𝐶𝑃 in Eq. 1(a)) The singlet state 𝑆0 has spin angular momentum 𝑆 = 0 with 

𝑚𝑠 = 0. The triplet states 𝑇−, 𝑇0, and 𝑇+ have spin angular momentum 𝑆 = 1 with 𝑚𝑠 = -1, 0 and 

+1, respectively. When an intermediate pair forms, for example in an excited state, and is in a 

triplet configuration, they dissociate, and the intermediate pair is broken. If the pair is in a singlet 

configuration, they relax to the ground state: the electron becomes trapped. Recombination then 

takes place when a hole is captured (typically fast). Thus, altering the singlet to triplet ratio will 

alter the recombination rate. This process is called spin dependent recombination (SDR). The full 

picture gets more complicated when adding CP elements such as the gate waveform which only 

allows for recombination during certain times. However, we believe a general understanding of 

SDR is enough to qualitatively understand our SDCP results. The mechanism responsible for 

mixing singlet and triplet states in NZF SDCP is likely hyperfine interactions [6]. Hyperfine 

interactions are interactions between an electron and nearby magnetic nuclei. The host atoms in 

our SiC devices have magnetic isotopes. They are 29Si which is 4.7% abundant with 𝐼 = 1/2 and 
13C which is 1.1% abundant with 𝐼 = 1/2. Other magnetic nuclei such as 14N and 1H are also 

present and will be discussed later. This state mixing changes the ratio of singlet to triplet 

pairings which, as mentioned previously, alters the recombination rate. To understand why this 

can occur, we consider the spin Hamiltonian for an intermediate spin pair in an external magnetic 

field. Here we assume negligible exchange interaction: 

where 

Here, 𝑺1 and 𝑺2 are the spins of the free electron and paramagnetic defect, 𝑔1 and 𝑔2 are their g 

values, 𝑰1 and 𝑰2 are the nuclear spins of their host atoms, 𝑎1 and 𝑎2 are their hyperfine 

parameters, and 𝑩 is an external magnetic field. ℋ0 leads to the Zeeman splitting of the three 

 ℋ = ℋ0 + ℋ𝑆−𝑇 , (2) 

 
ℋ0 =

1

2
𝜇𝐵(𝑔1 + 𝑔2)(𝑺1 + 𝑺2) · 𝑩, (2a) 

 

ℋ𝑆−𝑇 =
1

2
𝜇𝐵(𝑔1 − 𝑔2)(𝑺1 − 𝑺2) · 𝑩 + (∑ 𝑎1,𝑗𝑰𝑗 · 𝑺1

𝑚

𝑗=0

+ ∑ 𝑎2,𝑘𝑰𝑘 · 𝑺2

𝑛

𝑘=0

).  (2b) 



triplet energy levels by 𝑔𝜇𝐵𝐵. ℋ𝑆−𝑇 leads to the mixing of the singlet and triplet states via 

hyperfine fields. Due to the varied configurations and physical positions of one or more nearby 

magnetic nuclei, each electron in the intermediate pair experiences slightly different hyperfine 

fields. This slight difference causes the state mixing [6]. Simply stated, in the absence of a 

magnetic field, there is some steady state current due to the CP process. As the magnetic field is 

increased, the 𝑇− and 𝑇+ triplet energy levels are split away from the 𝑆0 level via the Zeeman 

interaction. The splitting reduces the singlet and triplet mixing and thus the recombination 

current. For our case, the effect is typically small, so we utilize a frequency and phase sensitive 

detection technique called lock-in detection by amplitude modulating the external magnetic field. 

In addition to significantly increasing signal-to-noise, the lock-in detection transforms the 

expected absorption-like NZF SDCP response into an approximate derivative. Thus, our 

measurements detect the spin dependent change in 𝐼𝐶𝑃. 

NZF SDCP is closely related to spin dependent charge pumping (SDCP) [17], [18], an 

electrically detected magnetic resonance (EDMR) [15] technique derived from electron spin 

resonance (ESR) [19]. However, the physical mechanisms involved in EDMR SDCP are much 

better understood. EDMR SDCP also detects spin dependent changes in 𝐼𝐶𝑃 via magnetic field 

manipulation of singlet and triplet populations. However, it relies on electromagnetic (EM) 

radiation to induce ESR to alter those populations. ESR occurs, for the simple case of an electron 

in free space, when EM radiation with energy 𝐸𝑝ℎ =  ℎ𝜈 equal to that of the electron Zeeman 

energy splitting 𝐸 = 𝑔𝑒𝜇𝐵𝐵 is exposed to an electron causing it to “flip” its spin state from 𝑚𝑠 = 

+1/2 to 𝑚𝑠 = -1/2 or vice versa. Here, ℎ is Planck’s constant, 𝜈 is the electromagnetic radiation 

frequency (called the resonance frequency), 𝑔𝑒 is the free electron g factor (𝑔𝑒= 2.0023193…),  

𝜇𝐵 is the Bohr magneton, and 𝐵 is the magnetic field. By “flipping” the spins, the singlet and 

triplet populations are altered and, as mentioned previously, the device current is altered. We will 

consider a more complex case given by the Hamiltonian described by Eqs. 2. In this case, the 𝑔 

and 𝑎 parameters describe the defect’s local environment. Spin-orbit coupling causes the 𝑔 

values to deviate from the free electron 𝑔𝑒, and the 𝑎 parameters provide a measure of the 

electron-nuclear hyperfine interactions. Analysis of the EDMR spectra in terms of equations in 

the form of Eqs. 2 allows definitive identification of the physical and chemical nature of defects. 

In fact, hyperfine spectra can be considered a defect “fingerprint” because they often give 

definitive proof of defect identification. Experimentally, the NZF and EDMR measurements can 

be very similar; the sole difference being that EDMR utilizes a source of EM radiation, and NZF 

does not. In this work, we compare similar NZF and EDMR SDCP measurements in order to 

learn more about the NZF response. We utilize two categories of EDMR resonance frequencies: 

ultra-low frequency (ULF) and X band. ULF measurements utilize a resonance frequency in the 

range of a few hundred MHz and X band measurements utilize a resonance frequency of about 

9.5 GHz. In order to improve readability by reducing redundant acronyms, we will refer to NZF 

SDCP, ULF EDMR SDCP, and X band EDMR SDCP as NZF SDCP, ULF SDCP, and X band 

SDCP, respectively. EDMR SDCP will refer to both ULF and X band SDCP measurements 

simultaneously. 

To complement our experimental observations, we make simulation calculations via the 

stochastic Liouville equation: 



where 𝜌 is an array representing the multi-spin density matrix, ℋ is the spin Hamiltonian, 𝑘𝑠 is 

the rate at which the two spins combine to form a non-paramagnetic center as a singlet state, 𝑘𝐷 

is the rate at which the pair dissociates. For these simulations, the Hamiltonian used in Eq. 3 

considers one of the spins interacting with a single spin 𝐼 = 1/2 nucleus. NZF SDCP is directly 

related to the singlet probability (𝜌𝑆), and we can use Eq. 3 to calculate this directly. In order to 

model the trap filling and emptying dynamics in which the spin pair evolves, we integrate the 

singlet probability out to the upper time limit of 1/𝑓𝐶𝑃 instead of using the steady state solution. 

We also replace √𝜎𝑛𝜎𝑝 in Eq. 1(a) with √𝜎𝑛
′ 𝜌𝑆𝜎𝑝 where 𝜎𝑛

′  and 𝜎𝑝 are the spin independent 

electron and hole capture cross sections, respectively. 𝜌𝑆 modifies the electron capture cross 

section while the hole capture cross section is assumed to always be spin independent. The 

resulting equation is: 

 
𝐼𝐶𝑃 = 2𝑞𝑘𝐵𝑇𝑓𝐶𝑃𝐴𝑒𝑓𝑓𝐷𝑖𝑡 ln (𝑛𝑖𝑣𝑡ℎ√𝜎𝑛

′ 𝜌𝑆𝜎𝑝√𝑡𝑟𝑡𝑓

|𝑉𝐹𝐵
𝐶𝑃 − 𝑉𝑇𝐻

𝐶𝑃|

𝛥𝑉𝐺 
 ) , (4) 

With Eq. 3 and Eq. 4, we calculate the NZF SDCP response. 

 

Experimental Details 

Our NZF and ULF SDCP measurements were made on a custom-built spectrometer 

consisting of an electromagnet with 6 nested Hemholtz coils, a Kepco BOP 100-4M power 

supply, a Lake Shore Cryotronics 450 temperature-compensated Gaussmeter and Hall probe, and 

a computer which provides lock-in detection, magnetic field control, and data acquisition. The 

gate waveform is applied with a Tabor Electronics WW2572A waveform generator. ULF SDCP 

utilized a Doty Scientific surface coil and resonance circuit (ν ≈ 380 MHz) driven by a Stanford 

Research Systems SG380 radiofrequency (RF) signal generator. Figure 2 illustrates the ULF 

EDMR spectrometer. X band (ν ≈ 9.5 GHz) SDCP measurements were made on a custom-built 

EDMR spectrometer consisting of a Lake Shore Cryotronics magnet and power supply, a 

Resonance Instruments X band microwave bridge, a high Q factor TE102 X-band cavity, a 

Lakeshore 475 Gaussmeter and Hall probe, and a computer which provides lock-in detection, 

magnetic field control, and data acquisition. For EDMR measurements, the RF was coupled to 

the device by placing it within the center of the surface coil loop, and the X-band microwaves 

were coupled by placing the device into the high Q factor TE102 microwave cavity. For all 

measurements, we utilize lock-in detection by amplitude modulating the quasi-static external 

magnetic field at audio frequency, thus we measure the approximate derivative of the NZF and 

EDMR responses. Data shown as an “integral” spectrum was numerically integrated from the 

measured “derivative” response. Accounting for the accuracy of the Gaussmeter (0.002 mT), the 

accuracy of the current preamplifier used to measure the EDMR current, the accuracy of DAQ 

used to measure the preamp output, and the signal-to-noise ratio (>100), our relative magnetic 

field measurements have an uncertainty of less than 0.03% and our current measurements have 

an uncertainty of less than 0.01%, unless otherwise noted. For the X band measurements, the 

uncertainty in g-value calculations are less than 0.0003. The absolute magnetic field was 

calibrated with a “weak pitch” spin standard. 

 𝑑𝜌

𝑑𝑡
=  −

2𝜋𝑖

ℎ
[𝜌, ℋ] − 𝑘𝑠{𝑃𝑠, 𝜌} − 𝑘𝐷𝜌, (3) 



Two types of planar n-channel 4H-SiC MOSFETs were studied. One had an as-grown oxide with 

area (L x W) 1 x 424 um2 and the other received a post oxidation anneal in NO at 1175 oC for 2 

hours and had a gate area of (L x W) 1 x 1000 um2. Both were grown on p-type epilayers. The 

samples were made by different manufacturers, but the primary processing difference is the post-

oxidation NO anneal. This anneal significantly improves device performance [20], passivates 

interface states [21]–[23], and introduces a large density, about 1014 cm-2 [20], [23], of N at the 

SiC/SiO2 interface. Table I summarizes sample parameters and extracted mean defect density via 

electrical CP measurements. For all measurements, a gate waveform with a 50% duty cycle and a 

100 ns 𝑡𝑟 and 𝑡𝑓 was utilized. All measurements were made at room temperature.  

Table I. Summary of sample parameters and characteristics of the MOSFETs. 

Name Type Oxide Process 
Doping 

[cm-3] × 1016 

Dit * 

[cm-2 eV-1] × 1012 

Mobilit

y 

[cm2/Vs

] 

as-grown n-channel N2O wet thermal 6.0 3.0 1 

NO annealed n-channel 
N2O wet thermal + 2 

hr NO anneal 1175 C 
7.0 0.43 19 

*Dit measurements made via charge pumping measurements 

 

Results and Discussion 

Figures 3a and 3b are ULF and NZF SDCP measurements from the as-grown and NO 

annealed samples, respectively. For the spectra labeled “rf on,” EM radiation is introduced to 

induce resonance. The “rf on” spectra show three large responses. The responses at -13.7 mT and 

13.7 mT are expected; they are the resonance responses. The strong response at near-zero 

magnetic fields, however, is not due to resonance. The RF radiation was then turned off. The 

resulting measurements are illustrated by the patterns labeled “rf off.” We find that the responses 

at -13.7 mT and 13.7 mT are not present (as expected), however, the large response near zero 

magnetic field is still observed: its presence is unaffected by the RF. This is the NZF SDCP 

response. 

Figures 3a and 3b show that the NZF SDCP responses from the as-grown and NO 

annealed samples are drastically different. The NZF SDCP response from the NO annealed 

sample is much broader than that of the as-grown sample (Fig. 3c). This is also the case for the 

ULF SDCP spectra (Fig. 3d). The increased broadening observed in the ULF SDCP case is due 

to hyperfine interactions from interfacial N introduced by the post-oxidation NO anneal [18]. N 

has a 100 % abundant 𝐼 = 1 nucleus and, as mentioned previously, is found in very high densities 

at the SiC/SiO2 interface [20], [23]. The same behavior is found for the case of 

magnetoresistance in organic semiconductors: increased hyperfine coupling broadens the 

magnetoresistance response [24]. Thus, we hypothesize that the broadening of the NZF response 

of the NO annealed sample is due to hyperfine interactions with interfacial N. If true, the simple 

NZF SDCP technique shows promise for detecting atomic-scale processing changes at MOSFET 

interfaces.  



We also find that the response from the NO annealed sample appears to consist of two 

overlapping patterns. One is a broad line, and the other is a narrow line in the center of the broad 

response (Fig. 3c, bottom panel). The coexistence of broad and narrow features has been 

observed in radical pair reactions and have also been attributed to hyperfine interactions [25]. 

Additionally, broad features develop when there are many nuclear spins interacting with the 

paramagnetic spin [26]. Our simulations can explain the narrow and broad lines observed in the 

NO annealed sample. Figure 4 shows a representative calculated line shape. We hypothesize that 

there are two operating hyperfine couplings at work in the NO annealed sample; one gives rise to 

the broad line and may result from an ensemble of 29Si and 13C nuclei interacting with the 

electron spin, and one due to 14N gives rise to the narrow line. A more quantitative modeling of 

the SDCP requires the inclusion of multiple nuclear spins interacting at one or both electron sites 

[26] and will be the subject of future work. 

One dominating feature of as-grown NZF spectrum is the side peaks on either side of the 

dominating center line located at about 1 mT and -1 mT (Fig. 3c, top panel). The NO annealed 

sample spectrum does not exhibit these side peaks (Fig. 3c, bottom panel). Comparing the NZF 

response with ULF and X band SDCP spectra from the as-grown sample shows that all three 

measurements yield qualitatively similar patterns (Fig. 5). All measurements show a dominating 

center line with two smaller side peaks. For the case of the EDMR SDCP measurements, the side 

peaks are likely due to a defect called the 10.4 Gauss doublet [27], a hydrogen complexed 

oxygen vacancy. This defect has previously been observed in SiC MOSFETs [28]–[30]. The 

two-line spectrum comes from superhyperfine interactions with 1H which has nearly 100 % 

abundant 𝐼 = 1/2 nucleus. The slight asymmetry of these side peaks with respect to the 

dominating center line in the ULF measurements is due to the Breit-Rabi shift [31], a 

phenomenon driven by hyperfine interactions. In a previous work by Cochrane et al., they 

observe a similar doublet magnetoresistance and EDMR spectra, however, they utilize SDR 

rather than SDCP [6], [11]. They conclude that the side peak structure in both the 

magnetoresistance and EDMR is due to resolved hyperfine interactions by using experimentally 

measured EDMR hyperfine parameters to calculate the singlet and triplet energies for an electron 

pair coupled to a 100% abundant 𝐼 = 1/2 nucleus. They found that singlet-triplet energy crossings 

corresponded exactly to the locations of the side peaks in the magnetoresistance measurements 

[6]. Thus, we believe that the very simple NZF SDCP approach may be able to identify defect 

structure via resolved hyperfine interactions. The analysis of hyperfine interactions is the most 

useful aspect of EDMR for the identification of defects, and gives NZF SDCP promise as a low-

cost, simple tool for MOSFET interface defect identification. However, a much deeper physical 

understanding of the NZF SDCP response must be developed in order to realize this potential. 

To gain some insight into the dynamics introduced by the CP waveform, we compare 

NZF and ULF SDCP measurements as a function of 𝑓𝐶𝑃 (Fig. 6). Measurements from the as-

grown sample (Fig. 6a) show that the NZF and ULF SDCP have similar 𝑓𝐶𝑃 responses. They 

both increase, then appear to saturate with increasing 𝑓𝐶𝑃. Measurements on the NO annealed 

sample (Fig. 6b) show that the broad NZF line and ULF SDCP responses follow a similar 

behavior. The amplitudes increase, saturate, then slightly decrease. Although the broad NZF 

SDCP line appears to saturate, the narrow line clearly does not. Instead, it increases nearly 

linearly with increasing 𝑓𝐶𝑃. For the EDMR case, the saturation behavior is tentatively attributed 

to the reduction of time allowed for the RF radiation to induce ESR. Simply, the time that a free 

electron and paramagnetic defect can interact as an intermediate spin pair is limited, for an n-



channel MOSFET, by 𝑡𝐻. As 𝑓𝐶𝑃 increases, 𝑡𝐻 decreases, and so does the time allowed for ESR. 

This cannot strictly be the case for the NZF response because there is no ESR. However, our 

NZF model shows that the spin pair interaction times play a role. We find that the saturation 

behavior is due to the limit imposed on the spin pair interaction time by integrating the singlet 

probability out to the upper time limit of 1/𝑓𝐶𝑃. Figure 7 displays the peak-to-peak amplitude for 

a range of 𝑓𝐶𝑃 values. The broad feature increases and then eventually levels off in accordance 

with the observations in Fig. 6. The narrow features, for the same hyperfine constant of 0.2 mT, 

increases much more sharply but also does plateau. As mentioned previously, we believe there 

are two operating hyperfine couplings working to produce the observed pattern. The fact that the 

couplings are different allows the narrow feature to climb nearly linearly over the range of 𝑓𝐶𝑃 

while a smaller hyperfine interaction would lead to plateauing at smaller 𝑓𝐶𝑃. A more 

quantitative modeling of the SDCP requires the inclusion of multiple nuclear spins interacting at 

one or both electron sites [26] and will be the subject of future work. 

We also find that the NZF SDCP line width increases with increasing 𝑓𝐶𝑃. Fig. 8a 

illustrates NZF SDCP line width as a function of 𝑓𝐶𝑃 for the as-grown sample. It increases from 

0.48 mT with 𝑓𝐶𝑃 = 100 kHz to 0.75 mT with 𝑓𝐶𝑃 = 2 MHz. However, as illustrated by Fig. 8b, 

the SDCP line width does not change: it is 0.34 mT for all 𝑓𝐶𝑃. The NZF SDCP response line 

width of the NO annealed sample also increases with increasing 𝑓𝐶𝑃. The line width increases 

from 0.17 mT with 𝑓𝐶𝑃 = 100 kHz to 0.40 mT with 𝑓𝐶𝑃 = 2 MHz: the line width more than 

doubles. Figure 9a illustrates the NZF SDCP narrow center line at various 𝑓𝐶𝑃. The SDCP line 

width increases, although not as dramatically (Fig. 9b), from about 0.44 mT with 𝑓𝐶𝑃 = 100 kHz 

to 0.5 mT with 𝑓𝐶𝑃 = 2 MHz. The broadening may be due to the shortening of interaction times 

between the free charge carrier and the trap. As mentioned previously, as 𝑓𝐶𝑃 is increased, the 

interaction time decreases. The previously mentioned work of Harmon et al. [32] also predicts 

line broadening with decreasing interaction time, as we observe in our measurements. The same 

conclusion is borne out by our calculations mentioned earlier. For instance, the narrow feature 

disappears as 𝑓𝐶𝑃 increases for a = 0.2 mT, kS = 0.01 1/ns, and kT = 0.001 1/ns (not shown). This 

is in agreement with Fig. 9(a). If so, this technique may be a way to experimentally investigate 

the effects of electron/trap interaction times and may be able to expand on the theory of 

magnetoresistance in general. 

 

Conclusion 

 NZF SDCP is a new approach to spin dependent current measurement which likely 

involves similar physics as near zero magnetic field “magnetoresistive” phenomena observed in 

organic and inorganic semiconductors and insulators. We show that the introduction of N into 

the SiC MOSFET interface significantly changes the NZF SDCP response. We also give strong 

evidence that, in some cases, resolved hyperfine interactions can have a strong effect on the NZF 

SDCP pattern. This means that NZF SDCP could be a simple, cheap way to identify defects in 

MOSFET structures, however, a much deeper understanding of the NZF SDCP response must be 

developed. We find that the NZF SDCP response amplitude versus 𝑓𝐶𝑃 can be similar to that of 

SDCP, suggesting that similar physics is involved. However, we also find that it can be very 

different. The 𝑓𝐶𝑃-dependent line broadening may be an inherent NZF SDCP phenomenon. NZF 

SDCP may be able to experimentally explore some of the magnetoresistance theories involved in 

other effects such as OMAR. We find, through model calculation of the hyperfine interaction, 



some experimental observations can be understood by the restricted interactions times inherent to 

the SDCP technique. 
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Figure 1. An illustration of the CP gate waveform and its parameters. VL and VH are the low and 

high gate waveform levels, tL and tH are the low and high gate waveform times, and tr and tf are 

the gate waveform rise and fall times, respectively. 

 

 

Figure 2. Schematic of the NZF and ULF SDCP measurement apparatus. The RF generator is on 

ULF SDCP measurements, and off for NZF SDCP measurements. 

 

  
   

 

  
   

 

  
   

 

  
  

  
  

  
  
   

  
 
     

 
     

 
     

 

 

            

        

         

          

             

    
     

          
    

     

      

          

          

       

   

        

         
    

   

              
          

  
  



 

Figure 3. (a) ULF SDCP and NZF SDCP measurement on the as-grown and (b) NO annealed 

samples with and without RF radiation. (c) Is a comparison of the NZF responses from both 

samples. The dotted black line highlights the “broad” line. The “narrow” line is at the center. (d) 

Is a comparison of the ULF SDCP spectra from both samples. In all figures, the SDCP amplitudes 

are normalized to 1 for better comparison. The resonance frequency of the RF coil is 386 MHz 

and 383 MHz for as-grown and NO annealed measurements, respectively. The inset in (a) and (b) 

are the integrals of the ULF and NZF SDCP responses. For this measurement, VH = 16 V, VL = -

16 V, and fCP = 1 MHz. Modulation frequency and amplitude are 1 kHz and 0.15 mT, respectively. 

 

 

Figure 4. Calculation of NZF SDCP displaying the presence of both the broad and narrow features 

observed in the experiments. The inclusion of multiple spins by using a semiclassical 

approximation for the hyperfine interaction can further broaden the already broad line shape 

feature. Parameters: a = 0.2 mT, kS = 0.01 ns-1, kT = 0.001 ns-1, and fCP = 0.5 MHz.   

 

      

      
      

      

   

           
                   

  

 

 

  

  

  

           
                   

    

 

   

 

   

                              

                   

        

           

        

           

                         

      

          
        

           

     

      

     

      

      

   

      

           
                   

          
                   

           

                   



 

Figure 5. NZF, ULF (383 MHz), and X band SDCP (9.62 GHz) measurements from the as-grown 

sample. Traces are offset to 0 mT for better comparison. For this measurement, VH = 16 V, VL = -

16 V, and fCP = 1 MHz. Modulation frequency and amplitude are 1 kHz and 0.15 mT, respectively. 

 

 

Figure 6. NZF and ULF SDCP peak-to-peak amplitudes for (a) the as-grown and (b) NO annealed 

samples. (b) Shows amplitudes for the two dominating lines shown in Fig. 3(c). Modulation 

frequency and amplitude are 1 kHz and 0.15 mT for the as-grown sample and 1 kHz and 0.25 mT 

for the NO annealed sample. 

 

    

                   

 
 
 
 
  
 
 
 
 
 
 
 
  
 
  
  
 
 
  
 
 

        

        
       

         
        

        

         

  
  
      

 

 

  

  

  

   

 

   

   

   

   

        

        

        

                     

                      

            

               

         

  
  
      



 

Figure 7. Relative peak-to-peak amplitudes for the narrow and broad features of NZF SDCP versus 

the charge pumping frequency. In the limit of high frequency, the amplitudes vanish (not shown). 

The plateauing observed for the lines with circle and triangle markers indicates the curves 

beginning to turn down. The timescale for amplitude to no longer increase with fCP is determined 

by the hyperfine interaction and the spin-dependent rates kS and kT. Different hyperfine 

interactions can lead to different fCP dependences as shown by the lines with circle and x markers.  

 

 

Figure 8. NZF and ULF SDCP measurements from the as-grown sample. (a) Illustrates the NZF 

SDCP line widths for fCP = 50 kHz, 100 kHz, 500 kHz, 1 MHz, and 2 MHz, and (b) illustrates the 

ULF SDCP line widths for the same fCP. For this measurement, VH = 16 V and VL = -16 V. The 

NZF SDCP line widths are 0.46, 0.48, 0.56, 0.65, and 0.73 mT for fCP = 50 kHz, 100 kHz, 500 

kHz, 1 MHz, and 2 MHz, respectively. The ULF SDCP line width is 0.34 mT for all fCP. Response 

amplitudes are normalized for better comparison. Modulation frequency and amplitude are 1 kHz 

and 0.15 mT, respectively. 

 

                    

                   

                  

        

         

  
  
      

                            

                 

                   

     

     

       

               

                

               

     

   

   

                   



 

Figure 9. NZF and ULF SDCP measurements from the NO annealed sample. (a) Illustrates the 

NZF SDCP line widths for fCP = 100 kHz, 500 kHz, 1 MHz, and 2MHz, and (b) illustrates the ULF 

SDCP line widths for the same fCP. For this measurement, VH = 5 V and VL = -11 V. The NZF 

SDCP line widths are 0.17, 0.25, 0.30, and 0.40 mT for fCP = 100 kHz, 500 kHz, 1 MHz, and 2 

MHz, respectively. The ULRF SDCP line width is about 0.44, 0.44, 0.47, and 0.50 mT for fCP = 

100 kHz, 500 kHz, 1 MHz, and 2 MHz, respectively. Response amplitudes are normalized for 

better comparison. Modulation frequency and amplitude are 1 kHz and 0.15 mT, respectively. 

 

            

            

                    

               

                   

   

   

                   

     

       

       

     


