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Final Report for AFOSR Contract FA 9550-17-1-0242
Patrick M. Lenahan

Pennsylvania State University

University Park, PA 16802

During the past four years we have worked to develop electrically detected electron nuclear double
resonance (EDENDOR). The conventional resonance technique known as electron nuclear double
resonance (ENDOR) has been an exceptionally powerful tool in the study of the immediate
surroundings of defects in semiconductors and insulators for quite some time.[1] Unfortunately,
conventional ENDOR has never been very useful in the study of semiconductor device problems
because it has a sensitivity typically two to three orders of magnitude less than that of the sensitivity
of the conventional electron paramagnetic resonance (EPR) technique upon which it is based.[2] Since
conventional EPR sensitivity is about 10'" total electron spins within the sample under study,
conventional ENDOR sensitivity is, at best, about 10'? total defects. This number is far too large for
studies of defects within meaningful micro or nano technology devices.

The technique of electrically detected magnetic resonance (EDMR) offers a possible solution to the
sensitivity limits of ENDOR. EDMR sensitivity is about seven orders of magnitude more sensitive
than that of conventional EPR, around 10° total defects (with considerable effort). [3,4] By combining
the sensitivity of EDMR with ENDOR we hoped to develop a new technique with all of the analytical
power of ENDOR and a sensitivity so greatly enhanced that it would allow meaningful measurements
in micro and nanotechnology scale devices. In this effort we have been largely successful,
demonstrating EDENDOR, for the first time, in a fully processed semiconductor device, a pn junction
diode. We have also demonstrated EDENDOR in thin films of amorphous hydrogenated silicon and
thin films of amorphous boron. (It should be pointed out that our work does not constitute the first
observation of electrically detected ENDOR. Two other studies were published previously, neither
involving a fully processed device and both involved relatively weak ENDOR responses. [5,6])

In the pn junction study we utilized EDMR detection through spin dependent recombination (SDR)
EDMR. In the amorphous boron and amorphous silicon study we utilized spin dependent trap assisted
tunneling (SDTAT) EDMR. In the SiC pn junction we observed matrix EDENDOR, an ENDOR
response which detected the nuclear resonance of distant atomic sites without providing hyperfine
results, that is without providing information about the interaction between the observed nuclei and
the unpaired electron at the paramagnetic site. In the amorphous boron and amorphous hydrogenated
silicon measurements, we were able to extract some hyperfine results.

One might ask: why report on these three materials systems? We had hoped to investigate more
systems and hope we may at some point do this. However, we believe our measurements on these
three very different systems provide very direct completely unambiguous demonstrations that we are
indeed observing EDENDOR. The ENDOR frequencies observed were, within experimental error,
exactly what would be anticipated of the relevant nuclei. In the case of the heavily nitrogen doped
diodes, we observed the EDENDOR response at exactly that of nitrogen NMR at the magnetic fields
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utilized. For amorphous hydrogenated silicon, we observed the EDENDOR response at exactly that
of hydrogen NMR at the magnetic fields utilized. In the amorphous boron films, we observed the
EDENDOR response at exactly that of the NMR frequencies of the two boron isotopes. (By “exactly,”
I mean within one or two per cent of the very precisely known values.)

Furthermore, the three systems involved significantly different detection methods. In the SiC pn
junction diodes, we utilized spin dependent recombination for the EDENDOR detection. In the
amorphous boron and amorphous hydrogenated silicon devices we utilized spin dependent trap
assisted tunneling detection. In the SiC pn junction and the amorphous silicon film, the measurements
were made at room temperature. In the case of the amorphous boron samples, the measurements were
made at slightly lower temperatures, about 250K.

The work in this project involved the construction of an EDENDOR spectrometer and, in so doing,
solving moderately challenging technology problems which initially limited our progress. The
EDENDOR spectrometer design is discussed in a paper which we published in the Review of
Scientific Instruments. The observations of EDENDOR in the SiC pn junction diode and in amorphous
hydrogenated silicon are discussed in two papers in Applied Physics Letters. A paper dealing with the
amorphous boron EDENDOR has also recently been submitted to Applied Physics Letters.

Several other papers have resulted from this AFOSR sponsored study which do not directly focus on
EDENDOR, but which grew out of some aspect of the work. Most significantly among this work is a
paper in the Journal of Applied Physics, first authored by (now former) graduate student Mark Anders
and co-authored by AFRL physicists Arthur Edwards and Renee van Ginhoven and Sandia physicist
Peter Schultz. The work deals with an indirect measure of nearby nitrogen hyperfine interactions
with silicon vacancies very near the SiC-oxide interface of 4H SiC MOSFETs. The work compares
experiment and theory: fairly crude hyperfine measurements and electronic interface density of states
determined from EDMR with theoretical calculations of the same things.

We also published two papers dealing with ultra-low field and frequency EDMR in SiC devices. These
papers were first authored by James Ashton who has recently joined NIST, Gaithersburg. This work
was supported in part by the AFOSR contract but also by the US Army Research Laboratory At the
extremely low magnetic fields used in these studies, a few tenths of a milli Tesla to a few milli Tesla,
EDENDOR would involve audio frequency NMR. Audio frequencies have, to the best of our
knowledge, never been utilized in ENDOR of any kind. The very low frequencies would eliminate
some of the electronic problems in the EDEDMR measurements and would also allow us to apply
extremely large amplitude oscillating magnetic fields for both the electron paramagnetic resonance
and nuclear magnetic resonance involved the EDENDOR measurement. Unfortunately, in part due to
the COVID restrictions placed on my laboratory, we were not able to extend these studies to
EDENDOR. However, we were able to observe some ultra-low field resonance effects which have
rarely been observed in any spin system.

Several students who were supported in significant part by this contract have completed their Ph.D.
studies:

Brian Manning (now at Keysight Technology R and D Center, Santa Rosa, California)
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Mark Anders (now at NIST, Gaithersburg)
Duane McCrory (now at Keysight, Santa Rosa)
James Ashton (now at NIST Gaithersburg).
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ABSTRACT

We demonstrate high signal-to-noise electrically detected electron-nuclear double resonance measurements on fully processed bipolar junc-
tion transistors at room temperature. This work indicates that the unparalleled analytical power of electron-nuclear double resonance in the
identification of paramagnetic point defects can be exploited in the study of defects within fully functional solid-state electronic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5108961

INTRODUCTION

The performance of nearly all present-day solid-state electronic
devices is strongly influenced by the presence of various point
defects, both intrinsic and extrinsic. The family of electron para-
magnetic resonance (EPR) techniques has unparalleled analytical
power to identify the structural and chemical nature of point defects
in semiconductors and insulators."” Among all EPR techniques,
arguably, electron-nuclear double resonance (ENDOR) is the most
powerful one to characterize the nuclei responsible for hyperfine
splitting.” ENDOR combines EPR and nuclear magnetic resonance
(NMR). In ENDOR, one observes a change in the EPR response
due to NMR at nearby magnetic nuclei. ENDOR can often provide
extremely detailed information about the point defect structure and
chemistry. Unfortunately, conventional EPR measurements are
almost never capable of measurements in practical solid-state elec-
tronic devices. Conventional EPR has a sensitivity on the order of
10 x 10° total paramagnetic sites." ENDOR sensitivity is typically
several orders of magnitude less than that of EPR. These numbers
are far higher than the number of defect centers in most modern
micro- and nanoscale devices.

Electrically detected magnetic resonance (EDMR) measurements
involve the observation of EPR through changes in current or voltage
in a solid-state device.” EDMR detected EPR offers a sensitivity of at
least 107 times better than that of conventional EPR and is exclusively
sensitive to defects that directly affect the device performance.’
EDMR thus allows EPR measurements to be made in state-of-the-art
semiconductor devices and to directly identify defect centers involved
in the device performance.7 In this work, we show that EDMR

detection can be utilized to observe ENDOR in a fully processed
device, a bipolar junction transistor (BJT) at room temperature, with
a relatively high signal-to-noise ratio. This work indicates that electri-
cally detected electron-nuclear double resonance (EDENDOR) has
the potential to provide enormous analytical power in the study of
performance limiting (and performance enhancing) defects in elec-
tronic devices of technological interest.

ELECTRON PARAMAGNETIC RESONANCE (EPR)

A basic understanding of the conventional EPR measure-
ment is required to understand both EDMR and EDENDOR. In
continuous wave EPR measurements, the response of paramag-
netic centers to a large slowly varying magnetic field in combina-
tion with an oscillating magnetic field is observed. For paramagnetic
defects with spin § = 1/2, this slowly varying magnetic field pro-
vides an energy difference between the two values of the electron
spin quantum number: m; = +1 and m; = —1 When the fre-
quency of the oscillating magnetic field, v, times Planck’s cons-
tant, h, is equal to this energy difference, electron spins can be
“flipped.” In the case of the free electron, that is, the case in
which the unpaired electron is otherwise unaffected by its sur-
roundings, the resonance condition is expressed as”

hv = gougB. 6]

Here, g, is the Landé g value (g, = 2.00232...), uy is the
Bohr magneton, and B is the magnitude of the applied magnetic
field. In nearly all conventional EPR measurements, the sample is
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placed into a microwave resonator with a high quality factor (Q)
providing the oscillating magnetic field of frequency v and subjected
to a perpendicular magnetic field, which slowly varies at approxi-
mately 1G/s. EPR measurements are most commonly performed
using X-band frequencies (v ~ 9.75 GHz) in combination with large
magnetic fields in the range of B ~ 3500 G. The analytical power of
EPR comes from deviations from the free electron resonance case
of (1). When the electron is placed in a paramagnetic defect in real
material systems, the EPR response is altered by the local environ-
ment. There are two primary factors that make the resonance condi-
tion system dependent: spin orbit coupling and electron-nuclear
hyperfine interactions (other factors play important roles under
some circumstances). Spin orbit coupling changes the Landé g, to
an orientation dependent value generally expressed as a second rank
tensor. Electron-nuclear hyperfine interactions are interactions
between the paramagnetic defect site and nearby nuclei with mag-
netic moments. These hyperfine interactions result in a splitting of
the energy levels of the system. Considering both spin orbit coupling
and electron-nuclear hyperfine interactions with a single nearby
magnetic nucleus, the resonance condition becomes™*

hv = guyB + mA. 2

The free electron g, is replaced by an orientation dependent g,
which is usually expressed as a second rank tensor, m is the nuclear
spin quantum number of the nearby magnetic nucleus, and A is
the electron-nuclear hyperfine coupling due to that nucleus also is
usually expressed as a second rank tensor. Expressing the hyperfine
coupling as a second rank tensor accounts for anisotropy in the
parameter. Accurately measuring the frequency v of the microwave
resonance field and the magnetic field at resonance allows for the
identification of the chemical and physical nature of atomic scale
defects as the resonance condition is highly dependent upon the
defect and local surroundings of the defect. In general, adding
more nearby magnetic nuclei complicates the EPR response. This
can result in unresolved or poorly resolved hyperfine interactions,
which can make the detailed analysis of conventional EPR mea-
surements extremely hard, if not impossible.

ELECTRICALLY DETECTED MAGNETIC RESONANCE
(EDMR)

As mentioned previously, conventional EPR sensitivity is
about 10'° total paramagnetic defects in a sample, greatly limiting
its application to the study of defects in state-of-the-art micro-
and nanoscale devices. EDMR is a variation of EPR in which a
change in the device current is measured at resonance rather
than a change in microwave absorption. EDMR may be detected
using (primarily) two different techniques: spin dependent
recombination (SDR)’™'" and spin dependent trap assisted tun-
neling (SDTAT)."*"'° In this study, we detect EDMR via SDR in
the base-emitter junction of a 4H-SiC bipolar junction transistor
(BJT)."” A qualitative understanding of SDR/EDMR can be pro-
vided by the Shockley-Read-Hall model for recombination. An
electron in the conduction band is trapped by a deep level defect.
A hole in the valence band is then trapped by the same defect,
resulting in electron and hole recombination. (The sequence of the
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electron and hole capture can, of course, be reversed.) This process
can be spin dependent. For example, if the conduction band elec-
tron and a paramagnetic defect electron have the same spin
quantum number, the capture event will be forbidden by the Pauli
Exclusion Principle. When the resonance condition for the defect
is met, the spin of the defect electron flips and the forbidden tran-
sition becomes allowed. SDR is most effective for defect centers
near the middle of the energy gap.

ELECTRON-NUCLEAR DOUBLE RESONANCE (ENDOR)

The most powerful technique for deconvoluting electron-nuclear
hyperfine interactions and identifying the structural environ-
ment of paramagnetic defects in semiconductors and insulators
is ENDOR.™'*"? In a conventional ENDOR measurement, the
EPR response is first measured. The magnetic field is then fixed
at the field that results in (typically) the maximum microwave
absorption, and a radio frequency (RF) is swept. When the RF
induces nuclear resonance at a site near the defect observed in
EPR, a change in the EPR amplitude is observed. Every atomic
isotope with a nuclear moment has a unique relationship
between the NMR RF and the magnetic field. Measuring the
response of the EPR amplitude as a function of applied NMR RF
thus directly allows for the identification of the nuclear species.
It can also provide quite detailed information about the physical
location of magnetic nuclei near the paramagnetic defect under
observation. This is easiest to visualize for the simple case
of a defect electron spin (S) =1/2 and a nearby nuclear spin
(I) = 1/2 for a single value of isotropic hyperfine interaction, a.
In this case, the ENDOR response condition will be given by
y !vn + §| Thus, there are two responses to be considered:
when half the hyperfine coupling constant is greater than the
nuclear frequency (|§| > v,) and when half the hyperfine cou-
pling constant is less than the nuclear frequency (|| < v,). For
the first case, the expected ENDOR response would be two lines
centered about ’%’ and split by 2v,. For the second case, the
expected ENDOR response would be two lines centered about v,
and split by |a|. Somewhat more complex responses can occur
for I > 1/2 due to the presence of nuclear quadrupole moments.
The presence of a nuclear quadrupole moment changes the
ENDOR response frequency conditions to v & |g + v, + Q|, where
Q depends upon the electric field gradient at the nucleus and the
nuclear quadrupole moment.

TABLE I. Select nuclear frequencies for a magnetic field of 3366 G.

Nucleus Spin I Natural abundance (%) v,, (MHz)
'H 12 99.9885 14.3337
3¢ 1/2 1.07 3.605
N 1 99.636 1.0361
70 5/2 0.038 1.9439
27A 5/2 100 3.7379
29gj 172 4.685 2.8499
31p 1/2 100 5.8077
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If relatively distant nuclei are involved with a relatively small
hyperfine interactions and quadrupole contributions, multiple
closely spaced ENDOR lines will yield a single response centered
upon the NMR frequency corresponding to the magnetic field uti-
lized in the measurement. Our EDENDOR measurements corre-
spond to this set of circumstances. A list of nuclear frequencies of
relevant atomic nuclei is provided in Table 1.**

ELECTRICALLY DETECTED ELECTRON-NUCLEAR
DOUBLE RESONANCE (EDENDOR)

EDENDOR has not previously been demonstrated in a fully
functional device of any kind. (The limited number of EDENDOR
studies that have been performed involved spin dependent photo-
conductivity measurements on shallow P donors in Si and P,
centers at the Si/SiO, interface. Both studies involved metal/insu-
lator/semiconductor structures.)****> The EDENDOR spectrometer
is schematically shown in Fig. 1. There are several additions to a
standard EDMR spectrometer. The sample is placed into the
microwave cavity and aligned with a single loop antenna. The
NMR RF sweep is supplied to this loop via a Fluke arbitrary
waveform generator (AWG), which is 100% amplitude modulated
at a frequency of 250 Hz. This essentially turns the signal on and
off at 250 Hz in order to obtain the highest possible signal-to-noise
ratio. To perform the EDENDOR measurement, the EDMR response
is first measured. Next, the magnetic field is held constant at
various positions along the EDMR response and the NMR RF
sweep is performed from 10 kHz to 15 MHz while the device current
is measured.

ARTICLE scitation.org/journalljap

EXPERIMENTAL DETAILS

All measurements are performed on 4H-SiC BJTs mounted
onto a simple printed circuit board (PCB). The device fabrication
and characterization have been described elsewhere.”® Electrical
contact is made to the device using standard wire bonds. The
device base-emitter junction is forward biased below the built-in
voltage and current is measured out of the base contact with the
collector grounded. The BJTs are heavily doped with nitrogen as
the n-type dopant and aluminum for the p-type dopant.”® The
device is placed inside the homemade spectrometer as depicted in
Fig. 1. The spectrometer consists of a 4 in. Resonance Instruments
electromagnet, a HP 6268B DC power supply, and a LakeShore
Cryotronics 475 DSP temperature-compensated Gaussmeter and
Hall probe for the magnetic field control. Microwaves of frequency
v = 9.358 GHz are generated by a Micro-Now model 8330A micro-
wave bridge and guided using standard microwave plumbing to a
TE;o, microwave cavity. A Fluke 201AWG supplied the NMR RF
sweep in combination with a LeCroy WaveRunner 6100A 1 GHz
oscilloscope for power flattening and Rigol DG4162 for frequency
counting. For EDENDOR, a SR 830 DSP lock-in provides lock-in
detection to the amplitude modulation scheme. For EDMR, the
computer provides lock-in detection. All data acquisition is per-
formed in custom-made software.

RESULTS

The EDMR response obtained on the BJT using the previ-
ously described biasing conditions is shown in Fig. 2. The line-
width of the central part of the spectrum is 3.4 G and zero-crossing

FIG. 1. A schematic of the EDENDOR spectrometer. For EDMR, the NMR RF loop and NMR AWG are bypassed, and the device current is monitored as the magnetic
field is swept. For EDENDOR, the magnetic field is held constant, while the NMR AWG supplies a RF sweep and the device current is monitored.
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FIG. 2. Measured EDMR response as a function of the applied magnetic field.
The central feature has zero-crossing g = 2.003 and a linewidth of 3.4 G. A very
similar EDMR spectrum has been linked to a Vs; defect in 4H-SiC MOSFETs.

FIG. 3. Calculated recombination current J; (top) vs SDR (bottom) as a function
g = 2.003 £ 0.0003. This main EDMR response is isotropic. It of junction bias. Note that the SDR response closely corresponds to the calcu-
should be mentioned that a very similar EDMR spectrum has been lated response exqept forg shift of seve@l tenths Iof a volt. This shift is primarily
linked to a silicon vacancy (Vs;) in 4H-SiC MOSFETs.!” Assuming dus tajalmodestibizs provided byithe miorowaivafield,
that recombination centers are evenly distributed within the space
charge region, the recombination current of the junction to a rea-
sonable approximation is'*

W
= (%) (vinN;0)exp(gVa /2KT). ©

Here, vy, is the thermal velocity, N; is the density of recombi-
nation defects, o is the defect capture cross section, #; is the intrin-
sic carrier concentration, V, is the forward bias, and W is the width
of the depletion region. The width of the depletion region is'”**’

“)

W = 23(Na + Nd)(Vhi - Va)
qNuNd '

Here, € is the permittivity, N, is the density of ionized accep-

tor atoms, Ny is the density of ionized donor atoms, and Vj; is the

built-in voltage of the pn junction. Figure 3 provides a compari-

son between the theoretical recombination current and the mea-

sured EDMR via SDR response as a function of applied forward

bias. There is a semiquantitative correlation between the experi-

ment and the simple theory. (The primary cause for the difference

between the calculated and observed peak response is external

device biasing due to the microwaves.) The EDMR response

observed in these 4H-SiC BJTs is due to recombination at defects FIG. 4. The EDENDOR response (black) measured for a constant magnetic

in the space charge region. field of 3366 G. The large response peaks at 1.04 MHz. The nuclear frequency
The EDENDOR response obtained with the magnetic field for nitrogen at this field is 1.036 MHz. The EDENDOR response for a constant

held constant near the maximum of the EDMR  response magnetic field of 3000 G is shown in blue for comparison.
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(“on resonance” =3366 G) is compared to the EDENDOR response
with the magnetic field held constant when there is no EDMR
response (“off resonance” =3000G) in Fig. 4. A large EDENDOR
response is observed at an NMR RF of v = 1.04 MHz. Referring back
to Table I, the only magnetic nucleus that could generate this response
is "N, with a 99.636% naturally abundant spin 1 magnetic nucleus
and corresponding ENDOR frequency of v, = 1.036 MHz at this
magnetic field. The results demonstrate that nitrogen nuclei in the
vicinity of the V; defect centers are being detected with EDENDOR.

A comment should be made about the asymmetry of the
EDENDOR response shown in Fig. 4. Features associated with
distant ENDOR can be asymmetric, in which one side rises quickly
and the other decays slowly. Such behavior has been as linked to
long nuclear spin relaxation times.'””*

Further confirmation that the observed response is indeed
EDENDOR is shown in Fig. 5. The top portion of the figure con-
tains the EDMR response as shown in Fig. 2 previously. The
middle portion of the figure contains the integrated intensity of
this EDMR response. The bottom portion of the figure shows the

FIG. 5. EDMR response (top), integrated EDMR response (middle), and corre-
sponding EDENDOR response (bottom) as a function of the magnetic field. In
the EDENDOR measurement, the noise level is indicated in a black dashed line
and a standard Lorentzian fit to the data is indicated in a blue solid line.

ARTICLE scitation.org/journalljap

amplitude of the 1.04 MHz EDENDOR response as a function of
the constant magnetic field. The amplitude of the response tracks
quite well with the EDMR response, as would be expected of a con-
ventional ENDOR response.

CONCLUSIONS

In this work, we show that the powerful magnetic resonance
technique known as ENDOR can be utilized in a fully processed
solid-state device, a bipolar junction transistor, using EDMR detec-
tion. Although this work is not the first observation of electrically
detected ENDOR, to the best of our knowledge, the technique has
not previously been demonstrated in a fully functional device of any
kind. The apparatus and overall approach are relatively straightfor-
ward. Our work indicates that this approach could be widely appli-
cable in semiconductor device studies.

ACKNOWLEDGMENTS

This work was supported by the Air Force Office of Scientific
Research under Award No. FA9550-17-1-0242.

REFERENCES

TP, Lenahan and J. Conley, J. Vac. Sci. Technol. B 16, 2134 (1998).

2], A. Weil, J. R. Bolton, and J. E. Wertz, Electron Paramagnetic Resonance:
Elementary Theory and Practical Applications (John Wiley & Sons, Inc.,
New York, 1994).

5L. Kevan and L. D. Kispert, Electron Spin Double Resonance Spectroscopy (John
Wiley & Sons, Inc., New York, 1976).

“G. R. Eaton, S. S. Eaton, D. P. Barr, and R. T. Weber, Quantitative EPR
(Springer, New York, 2010).

5C.J. Cochrane, P. M. Lenahan, and A. J. Lelis, . Appl. Phys. 109, 014506 (2011).
6P, M. Lenahan, C. J. Cochrane, J. P. Campbell, and J. T. Ryan, ECS Trans. 35,
605 (2011).

7C. J. Cochrane, P. M. Lenahan, and A. J. Lelis, J. Appl. Phys. 105, 064502 (2009).
8W. Gordy, Theory and Applications of Electron Spin Resonance (John Wiley &
Sons, Inc., New York, 1980).

°Dp. Kaplan, I. Solomon, and N. F. Mott, J. Phys. Lett. 39, 51 (1978).

19D, J. Lepine, Phys. Rev. B 6, 436 (1972).

"'D. J. McCrory, M. A. Anders, J. T. Ryan, P. R. Shrestha, K. P. Cheung,
P. M. Lenahan, and J. P. Campbell, IEEE Trans. Device Mater. Reliab. 18, 139
(2018).

12M. J. Mutch, P. M. Lenahan, and S. W. King, J. Appl. Phys. 119, 094102
(2016).

13R. J. Waskiewicz, M. J. Mutch, P. M. Lenahan, and S. W. King, in
IEEE International Integrated Reliability Workshop (IEEE, 2016), p. 99.

M. J. Mutch, P. M. Lenahan, and S. W. King, Appl. Phys. Lett. 109, 062403
(2016).

T5M. J. Mutch, T. Pomorski, B. C. Bittel, C. J. Cochrane, P. M. Lenahan, X. Liu,
R. J. Nemanich, J. Brockman, M. French, M. Kuhn, B. French, and S. W. King,
Microelectron. Reliab. 63, 201 (2016).

16]. T. Ryan, P. M. Lenahan, A. T. Krishnan, and S. Krishnan, J. Appl. Phys. 108,
064511 (2010).

17C. J. Cochrane, P. M. Lenahan, and A. J. Lelis, Appl. Phys. Lett. 90, 123501
(2007).

18W. L. Warren and P. M. Lenahan, Phys. Rev. B 42, 1773 (1990).

19G. Feher, Phys. Rev. 114, 1219 (1959).

20G. D. Watkins and J. W. Corbett, Phys. Rev. 134, A1359 (1964).

213 M. Hoffman, J. Martinsen, and R. A. Venters, ]. Magn. Reson. 59, 110
(1984).

J. Appl. Phys. 126, 125709 (2019); doi: 10.1063/1.5108961
Published under license by AIP Publishing.

126, 125709-5

DISTRIBUTION A: Distribution approved for public release.


https://doi.org/10.1116/1.590301
https://doi.org/10.1063/1.3530600
https://doi.org/10.1149/1.3572308
https://doi.org/10.1063/1.3081644
https://doi.org/10.1051/jphyslet:0197800390405100
https://doi.org/10.1103/PhysRevB.6.436
https://doi.org/10.1109/TDMR.2018.2817341
https://doi.org/10.1063/1.4942675
https://doi.org/10.1109/IIRW.2016.7904912
https://doi.org/10.1063/1.4960810
https://doi.org/10.1016/j.microrel.2016.04.004
https://doi.org/10.1063/1.3482071
https://doi.org/10.1063/1.2714285
https://doi.org/10.1103/PhysRevB.42.1773
https://doi.org/10.1103/PhysRev.114.1219
https://doi.org/10.1103/PhysRev.134.A1359
https://doi.org/10.1016/0022-2364(84)90287-7
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

22g . Hoffman, R. A. Venters, and J. Martinsen, ]. Magn. Reson. 62, 537
(1985).

23, Biospin, in Almanac 2012 (Bruker Instruments, 2012).

24B, stich, S. Greulich-Weber, and J. M. Spaeth, Appl. Phys. Lett. 68, 1102
(1996).

25, Hoehne, L. Dreher, H. Huebl, M. Stutzmann, and M. S. Brandt, Phys. Rev.
Lett. 106, 187601 (2011).

ARTICLE scitation.org/journalljap

2":'Q. J. Zhang, C. Jonas, A. A. Burk, C. Capell, ]J. Young, R. Callanan,
A. K. Agarwal, J. W. Palmour, B. Geil, and C. Scozzie, Mater. Sci. Forum
600-603, 1159 (2009).

27, S. Grove, Physics and Technology of Semiconductor Devices (John Wiley &
Sons, Inc., New York, 1967).

285 L. P. Houseman, B.-H. Oh, M. C. Kennedy, C. Fan, M. M. Werst,
H. Beinert, J. L. Markley, and B. M. Hoffman, Biochemistry 31, 2073 (1992).

J. Appl. Phys. 126, 125709 (2019); doi: 10.1063/1.5108961
Published under license by AIP Publishing.

126, 125709-6

DISTRIBUTION A: Distribution approved for public release.


https://doi.org/10.1016/0022-2364(85)90225-2
https://doi.org/10.1063/1.115726
https://doi.org/10.1103/PhysRevLett.106.187601
https://doi.org/10.1103/PhysRevLett.106.187601
https://doi.org/10.4028/www.scientific.net/MSF.600-603.1159
https://doi.org/10.1021/bi00122a026
https://aip.scitation.org/journal/jap

Applied Physics Letters ARTICLE

scitation.org/journal/apl

Observation of electrically detected electron
huclear double resonance in amorphous
hydrogenated silicon films

Cite as: Appl. Phys. Lett. 118, 082401 (2021); doi: 10.1063/5.0041059
Submitted: 18 December 2020 - Accepted: 9 February 2021 -

Published Online: 22 February 2021

Brian R. Manning,” (%) James P. Ashton, ("

and Patrick M. Lenahan

AFFILIATIONS

The Pennsylvania State University, University Park, Pennsylvania 16802, USA

2 Author to whom correspondence should be addressed: brm5293@psu.edu

ABSTRACT

We report on the electrical detection of electron nuclear double resonance (EDENDOR) through spin-dependent tunneling transport in an
amorphous hydrogenated silicon thin film. EDENDOR offers a many orders of magnitude improvement over classical ENDOR and is exclu-
sively sensitive to paramagnetic defects involved in electronic transport. We observe hyperfine interactions with 'H nuclei very close to
silicon dangling bond defects. These observations substantially extend recent EDENDOR observations involving silicon vacancy defects and
"N hyperfine interactions with fairly distant nitrogen atoms in 4H-SiC bipolar junction transistors. We have improved the detection scheme
utilized in the earlier study by combining magnetic field modulation with RF amplitude modulation; this combination significantly improves
the operation of the automatic power leveling scheme and the overall sensitivity.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041059

The performance and reliability of solid-state electronic devices
are dominated by point defects. Magnetic resonance techniques offer
unparalleled analytical power in the identification of paramagnetic
defects in semiconductors and insulators.' The basis for this magnetic
resonance detection is electron paramagnetic resonance (EPR).
Analysis of the EPR response provides information about the chemical
nature and atomic-scale structure of defects present in the sample. The
sensitivity of conventional EPR is roughly 101! paramagnetic defects
per mT linewidth.” Unfortunately, this number far exceeds the num-
ber of performance-limiting defects in technologically relevant nano-
scale solid-state devices. The related EPR technique, electron nuclear
double resonance (ENDOR), can provide extremely detailed informa-
tion about the immediate surroundings of paramagnetic defects by
observing small hyperfine interactions between paramagnetic defects
and nearby magnetic nuclei.” ° Since the ENDOR response is typically
several orders of magnitude smaller than that of conventional EPR, it
is even less suitable than conventional EPR for studies of nanoscale
devices. The sensitivity of conventional EPR can be enormously
improved via electrically detected magnetic resonance (EDMR).
EDMR is an EPR-based technique in which the EPR response is
extracted from an electrical measurement that monitors spin-
dependent transport.””'* EDMR sensitivity is typically around seven
orders of magnitude better than classical EPR detection.'”'® EDMR

has proven to be quite valuable in studies of atomic-scale imperfec-
tions in nanoscale solid-state electronics as well as semiconducting
and insulating materials.''~'* By utilizing EDMR detection, the sensi-
tivity of ENDOR may be enhanced by many orders of magnitude with
electrically detected ENDOR (EDENDOR). EDENDOR was first
reported on relatively large volume samples.”'” Quite high sensitivity
EDENDOR was recently reported in measurements on a fully func-
tional 4H-SiC bipolar junction transistor.'®'” In this study, we extend
the earlier work, all of which involves spin dependent recombination
(SDR), to EDEDNOR detected through spin dependent trap assisted
tunneling (SDTAT). More importantly, the earlier studies all dealt
with matrix ENDOR. In matrix ENDOR, the response from magnetic
nuclei distant from paramagnetic defects is observed in which hyper-
fine interactions are not measured. In this work, we extract hyperfine
parameters with modest precision.

In EPR, the response of paramagnetic defect centers to the simul-
taneous application of a quasi-static field and small RF or microwave-
frequency field is observed. A difference in energy is caused by the
interactions of the electron magnetic moment with a magnetic field.
The application of an oscillating magnetic field with frequency, v,
times Planck’s constant, h, equal to this difference in energy induces
resonance. For a free electron unperturbed by its local surroundings,
the resonance condition is'
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AE = hv = gugB. (1)

Here, AE is the difference in energy between the spin states, g, is the
Landé g value (g, = 2.00232...), ujz is the Bohr magneton, and B is
the magnitude of the large quasi-static magnetic field. The resonance
condition is altered by a defect’s surroundings. The most common
mechanisms of these alterations are spin—orbit coupling and electron-
nuclear hyperfine interactions. Taking into account these factors, the
resonance condition is modified and becomes'*’

AE = hv = gugB + ZimiAi' 2)

Here, g is a second rank tensor and m; is the nuclear spin quantum
number of the ith nearby magnetic nucleus; A; is also typically repre-
sented by a second rank tensor representing the electron-nuclear
hyperfine coupling. However, for the observation reported herein, the
hyperfine interactions may be taken to be constants. By measuring the
magnetic field at resonance and the frequency v, the physical and
chemical nature of atomic scale defects can be identified.

The EDMR in this study is detected through SDTAT.”' >’ In
SDTAT, electrons tunnel from defect to defect. The tunneling is for-
bidden between two adjacent defects if unpaired electrons at both
defects have the same spin quantum number by the Pauli exclusion
principle. However, if we flip the spin of one of the unpaired electrons,
the previously forbidden tunneling event becomes allowed. This is
observed as an increase in current through the device.”

In classical ENDOR measurements, the EPR response is first
measured.”” The magnetic field is then held constant at a field that
results in EPR microwave absorption. An oscillating magnetic field
with the field vector perpendicular to the large applied field is swept
over a frequency range that induces nuclear resonance at a site near
the defect observed in EPR. When this occurs, the amplitude of the
EPR response can change.”” Measuring the EPR amplitude as a func-
tion of frequency allows for a measurement of the frequency, v,, at
which nuclear magnetic resonance (NMR) takes place.

scitation.org/journal/apl

The ENDOR response is easiest to describe for the case of a defect
with electron spin (S) = 1 and a nearby nuclear spin (I) = 1 for a sin-
gle isotropic value of hyperfine interaction, a. In this case, the ENDOR
response condition will be given by v = |v,,i %| (this is the case for
our study). Somewhat more complex responses can occur. For exam-
ple, if I > 1, the presence of nuclear quadrupole moments changes the
ENDOR response frequency conditions to v =2 ‘g +v,+Q|, where Q
depends upon the electric field gradient at the nucleus and the nuclear
quadrupole moment.

The EDENDOR spectrometer design used in that study is shown
in Fig. 1 and is described in detail in a recent paper.'” The EDENDOR
spectrometer used in this study is somewhat modified from the one
described in earlier work. The sample is placed into the microwave
cavity and aligned with a single loop antenna. The NMR RF sweep is
supplied to this loop via a Fluke-291 arbitrary waveform generator
(AWG). In prior EDENDOR experiments, the magnetic field, By, was
fixed and the NMR frequency sweep was 100% amplitude modulated
for phase-sensitive detection. In the work reported here, we improve
upon the detection sensitivity of the earlier study by using double
modulation. We modulated both the B, field and utilized a 100%
amplitude modulation of the NMR RF frequency sweep. Double mod-
ulation was used in conjunction with an automatic power leveling
scheme via a proportional integral differential (PID) controller, which
almost completely removes the non-resonant-background that other-
wise obscures the EDENDOR spectrum.'”"”

We conducted an EDENDOR experiment on a 10 nm amor-
phous hydrogenated silicon thin film (a-Si:H) (99% Si, 1% H) on p-Si
(100) wafers with Ti/Al metal contacts with an area of 0.020 cm?. The
spin density in these structures is approximately 5 x 10'® cm™; thus,
the number of paramagnetic defect sites in the sample is about 10!
spins. The film in this study was deposited via plasma enhanced chem-
ical vapor deposition. The device was diced from the wafer via a dia-
mond scribe and mounted to a printed circuit board. The electrical

FIG. 1. EDMR/EDENDOR spectrometer schematic.
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connections from the device to the leads were made via wire bond.
These measurements were performed at room temperature. The
EDENDOR measurements were taken at the magnetic field at the cen-
ter of the EDMR spectrum (zero-crossing), as well as several points on
each side of the center. The representative EDMR spectrum is illus-
trated in Fig. 2. EDENDOR measurements are limited by multiple
sources of noise, which influence the EDMR detection such as shot,
flicker, and thermal noise.”® Due to the extremely high defect density
of this device, the EDMR response is quite strong and these noise sour-
ces do not prevent an extremely high EDMR signal-to-noise ratio. The
EDMR response is consistent with SDTAT currents through silicon
dangling bond sites.”” The center field of the EDMR response is
332.2mT and the response is ~0.7 mT wide. The measured zero-
crossing g = 2.0055 = 0.0003 is consistent with silicon dangling
bonds, a result widely reported on a-Si:H samples analyzed using EPR
techniques.'>'>*%*

To observe the EDENDOR response, the magnetic field was
modulated at 3350 Hz with an amplitude of 0.4 mT (approximately
half the linewidth). The RF was 100% amplitude modulated at 250 Hz.
This modulated response is detected through a virtual lock-in ampli-
fier (VLIA) with two demodulation stages. The VLIA was written in
LabVIEW 2018 and utilizes two mixing stages in which it is multiplied
by a reference sinusoid with an adjustable phase. After each mixing
phase, there is a low-pass filter with an adjustable time constant. The
first demodulates the field modulated response with a small time con-
stant of approximately 0.6 ms. The short first stage time constant is
necessary in order to pass the 250 Hz amplitude modulated response
to the second lock-in. To demonstrate that the response of the system
is EDENDOR and not some artifact, we repeated the identical mea-
surement but with the field shifted from the EDMR resonance condi-
tion of 332.2 mT to 300 mT, far from the EDMR resonance condition.
EDENDOR results of the on- and off-EDMR resonance field are

EDMR Response (arb. units)

1 1 1 1 1
330 331 332 333 334
Magnetic Field (mT)

FIG. 2. A representative EDMR trace on an a-Si:H sample utilized in EDENDOR
measurements. The peak-to-peak linewidth is about 0.7 mT and the zero-crossing
g, which is the g-value corresponding to the magnetic field halfway between the top
and bottom peaks of the spectrum, is 2.0055, the value generally found for silicon
dangling bonds in amorphous hydrogenated silicon.

scitation.org/journal/apl

illustrated in Fig. 3. The signal-to-noise ratio was optimized using
adaptive signal averaging,”’ ** The extremely large difference between
the on- and off-EDMR resonance conditions clearly identifies the
upper trace taken at the resonance field of 332.2mT as EDENDOR.
Note the arrows directed at the peaks of the ENDOR response at
12.58 MHz and 15.63MHz. The two peaks correspond to the
EDENDOR response of silicon dangling bonds interacting with nearby
'H nuclei. We know that this is so because at a field of 332.2 mT, the
ENDOR response for "H nuclei close to the dangling bond defects
should be a two-line spectrum centered around the isolated hydrogen
nucleus NMR frequency of 14.11 MHz. The center of the two peaks
we observe is at MMHZ = 14.10 MHz, within experimental
error of the anticipated value of 14.11 MHz. The asymmetry of the
peaks is to be expected and is indicative of the sign of the coupling
constant.””*” From inspection of the separation of the two 'H peaks,
we extract a hyperfine coupling of ~3 MHz (0.2 MHz). This value is
consistent within the range of hyperfine couplings reported for 'H in
a-Si:H observed in prior work by Brandt et al.”* A weak peak is appar-
ently present in our response around 10 MHz. It is possible that this
peak corresponds to hyperfine interactions with nearby *’Si nuclei.
However, due to the asymmetry of the peaks, it is likely we observe the
high frequency peak and the low frequency peak is underneath the
noise floor of our measurement.

Additional verification that the response shown in Fig. 4 is
EDENDOR is provided by a plot of the 15.63 MHz peak amplitude as
a function of magnetic field. The peak amplitude should approxi-
mately track the field modulated EDMR response.” Figure 4 shows
that this is the case.

The close correspondence between the EDENDOR amplitude
and the EDMR response strongly supports the identification 'H

T T T
—A.) EDENDOR Response (332.2 mT)
——B.) EDENDOR Response (300 mT)

1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 22
Frequency (MHz)

FIG. 3. EDENDOR response of the a-Si:H sample. The upper trace (in green) was
taken at the magnetic field corresponding to the center of the EDMR response, in
this case 332.2 mT. The lower (black) trace was taken at a field of 300 mT, which
is at a field far off the EDMR resonance.
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T T T T T
EDMR Response
@ EDENDOR Amplitude

Normalized Response (arb. units)

330 331 332 333 334
Magnetic Field (mT)

FIG. 4. EDENDOR response of the a-Si:H sample at 15.63 MHz vs magnetic field.
Error bars are representative of the amplitude of noise and scale with the number
of scans taken at each field point. The ENDOR points are shifted slightly toward
the lower field to account for a field offset introduced by the software.

interactions with Si dangling bonds. Most importantly, these observa-
tions extend our earlier observations of EDENDOR from nuclei more
distant from the paramagnetic defects. Those earlier observations did
not allow any measure of hyperfine parameters. The EDENDOR
results reported here allows the measurement, albeit with modest pre-
cision, of "H-Si hyperfine interactions.

In conclusion, we demonstrate EDENDOR detection of 'H
nuclei interactions nearby Si dangling bond defects in a-SiH. We
extract a 'H hyperfine coupling of 3 MHz, consistent with coupling
constants corresponding to 'H hyperfine interactions in a-Si:H from
prior measurements.”* These observations extend recent EDENDOR
measurements in a 4H-SiC bipolar junction transistor.”'” The results
presented are consistent with ENDOR of magnetic nuclei fairly close
to the defect. We believe this approach would be widely applicable to
ENDOR studies of many semiconducting and insulating materials and
solid-state electronic devices. The most important criterion for this
approach is the ability to observe EDMR with a reasonable high
signal-to-noise ratio in a system with a significant population of
magnetic nuclei.

See the supplementary material for a picture of the virtual lock-in
amplifier’s LabVIEW code (Fig. S1). The picture shows the case for
double modulation as described within this manuscript.

This work was supported by the Air Force Office of Scientific
Research under Award No. FA9550-17-1-0242.
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ABSTRACT

We observe electrically detected electron nuclear double resonance (EDENDOR) via spin-
dependent trap-assisted tunneling in amorphous hydrogenated boron thin films. This is useful
because combining electrical detection with the classical ENDOR allows for much greater
sensitivity and specific selectivity to defects involved in electronic transport. In this study, we
observe EDENDOR responses from both '°B and !'B likely interacting with carbon impurity

sites.
BODY

Electron paramagnetic resonance (EPR) and its related techniques have long been the
most powerful tools for studying the physical and chemical nature of point defects in
semiconducting and insulating materials.!> Conventional continuous wave EPR, the most
common form of the measurement, has a sensitivity of about 10'! paramagnetic defects per mT
linewidth.? Of the techniques that stem from EPR, electron nuclear double resonance (ENDOR)

provides the most detailed information about paramagnetic point defects and nearby magnetic
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nuclei.>*>. Neither conventional EPR nor the much less sensitive conventional ENDOR

technique has the sensitivity to detect defects in fully processed nano-/micro-scale devices.

The sensitivity of conventional EPR can be greatly improved through the utilization of
electrically detected magnetic resonance (EDMR).%” EDMR detects EPR through spin-
dependent changes in device current (or voltage) at the resonance condition. EDMR not only
improves the sensitivity of EPR from 10! to 10* defects per mT linewidth, but it also makes the
measurement exclusively sensitive to defects involved in electronic transport.®’ By utilizing
ENDOR via EDMR detection, we can improve its sensitivity while allowing for measurements
in device structures such as bipolar junction transistors and capacitors.*>!°12 This process is
called electrically detected ENDOR (EDENDOR). Initial reports of EDENDOR involved
photoconductivity-based techniques on fairly large Si/SiO2 metal-oxide-semiconductor
capacitors.>!? More recently, EDENDOR has been reported on fully processed semiconductor
devices and on an amorphous hydrogenated silicon thin films. These recent observations utilize
spin-dependent recombination (SDR) and spin-dependent trap-assisted tunneling (SDTAT). The
recent work offers quite high sensitivity, extending the capabilities of ENDOR to micro-/nano-
scale devices. In this report, we extend this highly sensitive EDENDOR approach to
measurements in a new system: carbon-doped amorphous hydrogenated boron thin films. We
observe matrix ENDOR responses from both '°B and !'B, presumably interacting with carbon-

related impurities involved in trap-assisted tunneling.'*7

A brief explanation of EPR and ENDOR may be useful. In conventional EPR, the sample
under study is exposed to microwave radiation with frequency v and a large, slow varying
magnetic field (B_O)). For the simplest case of an electron which does not otherwise interact with

its environment, the energy difference between the two allowed spin states is given by:

AE = gougB,, (1

where g, is the free electron’s Landé g-factor (g, = 2.00232 ...) and up is the Bohr magneton.
When v times Planck’s constant is equal to the separation between the spin states, the electron
will transition from one spin state to the other. In this simple case, the resonance condition is

given by:
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hv = geupBy. (2)

In a real paramagnetic site, the resonance condition is generally more complex. The two most
commonly observed deviations from expression (2) are due to spin-orbit coupling and nuclear
hyperfine interactions. Spin-orbit coupling changes the Landé g-factor to a second-ranked tensor
while nuclear hyperfine interactions with nearby magnetic nuclei add additional terms which

depend on the location of the nuclei. These effects make the resonance condition:
hv = gugB, + X miA;, (3)

where m; is the nuclear spin quantum number of the ith nucleus near the defect and A; is the
nuclear hyperfine contribution of the ith nucleus. 4; is often also expressed as a second-ranked
tensor; however, for the purposes of this study, the nuclear hyperfine interactions can be

considered as isotropic.

In this study we detect EDENDOR through SDTAT EDMR. SDTAT is observed when
an electron tunnels between two defects.'® >} In SDTAT, these two paramagnetic sites contain an
unpaired electron. If both electrons have the same spin quantum number, it is impossible for an
electron to tunnel from one defect to the other due to the Pauli Exclusion Principle. However, at
resonance one of the spins may be flipped, allowing tunneling to occur. This alters the tunneling

current and results in the observed EDMR signal.

A classical ENDOR measurement?* typically begins by making an EPR measurement on
the sample under study. Once the EPR spectrum is observed, the magnetic field is then set to a
field at which the EPR response is detected. An RF frequency oscillating field is applied and
swept to induce the nuclear magnetic resonance (NMR) response of magnetic nuclei. This
changes the amplitude of the EPR response when the NMR resonance condition of nearby nuclei
is satisfied. By measuring the change of the EPR signal as a function of the RF oscillation, one
extracts the frequencies at which magnetic resonance of nearby nuclei takes place. These
frequencies allow for the identification of magnetic nuclei near the defect and, in some cases,

their location with respect to said defect. The ENDOR spectrum is most easily described in the

case of a defect containing an electron spin with a nearby nuclear spin of I = > and an isotropic
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hyperfine constant a. For such a system, the ENDOR response is located at v = |vn + %|, where

v, 1s the nuclear frequency. The two possible responses in this case are when half the hyperfine

coupling constant is greater than the nuclear frequency (|§| > vn) or when half the hyperfine
coupling constant is less than half the nuclear frequency (|g| < vn), as is the case for our study.

The former will result a spectrum with two lines centered about |§| and split by 2v,,, while the

latter gives a similar two-line spectrum centered about v,, and separated by |a|. More complex

spectra can occur depending on the system’s spin states. For example, higher spin nuclei with
1 :
1> > nuclear quadrupole moments can alter the ENDOR response to v = |vn + % +0Q |, wherein

Q accounts for the interaction between the nuclear quadrupole moment and local electric field
gradients. In our study, both boron nuclei have high spin and thus quadrupole moments. We are
only able to observe fairly distant nuclei and presumably detect the quadrupole interactions

through a substantial broadening of the EDENDOR response.

Our EDENDOR spectrometer is described in recent papers with alterations described
herein.!!* The device is mounted on a thin circuit board and connected to a set of electrical
leads and placed inside of a TE102 cavity in which a 5-turn solenoid used for the ENDOR
frequency sweep is placed around the device. An Agilent 83732B Synthesizer, capable of
providing 15 dBm (32mW) of microwave power, is connected to an isolator, circulator, and
detector diode before reaching the microwave cavity. Additionally, a Marconi 2026Q RF
generator supplies a 100% amplitude modulated frequency sweep to the solenoid in conjunction
with a LeCroy WaveRunner 6100A 1GHz oscilloscope for output power control. The LeCroy
oscilloscope is used in tandem with an in-house PID controlling software in order to idealize the
waveform shape and power control. A Bruker ER4111VT cold finger temperature system
maintains a stable low temperature at the sample. The spectrometer includes a 4-inch Resonance
Instruments electromagnet, a Lakeshore 475 DSP Temperature Compensated Gaussmeter and
Hall probe, and a HP 6268B power supply. The preamplifier/voltage source for the device is a
Stanford Research Systems Model SR570.

The devices utilized in this study are 500nm a-B:H thin films deposited via PECVD on
(100) Si substrates with 1um Al gates capped with 10nm Ti. The a-B:H contains approximately
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9% hydrogen and 4% carbon. We utilized a bias of +5V to the metal to monitor the spin-

dependent tunneling current through the boron films. All measurements were performed at 250K.

The SDTAT EDMR response of the a-B:H films at 250K is shown in Fig. 1. This
response is independent of orientation in the external magnetic field, indicating that the measured
defects are present in the bulk a-B:H film and not located at the a-B:H/Si interface. The
measured EDMR spectrum contains a broad line and a much sharper response in the middle.

The response is approximately 1mT wide and the broader feature is roughly 4mT wide. We
tentatively assign the narrow center line to paramagnetic defects involving carbon atoms while
the broad line is attributed to boron-related paramagnetic centers.!” The boron-related EPR
spectra are broad and featureless as would be expected due to the presence of hyperfine

interactions from the 20% naturally abundant '°B (S = 3) and 80% naturally abundant ''B

(S = %) The resulting EDMR spectrum is the broad line shown in Fig. 1.

Fig. 1: The SDTAT EDMR response of the a-B:H films at +5V and 250K for a supplied microwave frequency of
v = 9.173GHz. The arrow indicates the static magnetic field at which we perform EDENDOR.

Fig. 2A shows the EDENDOR response in the a-B:H films using the adaptive signal

averaging method introduced by Manning et al.?® As previously mentioned, the externally
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applied magnetic field is held constant at 327mT. For this magnetic field, three EDENDOR
peaks are observed. The low-frequency peak is extremely wide and centered about the nuclear
frequency of '°B (=1.45MHz). Two arrows in the figure on the low-frequency end indicate a
potential splitting in this peak, however this may be a result of the marginal signal to noise ratio.
The frequency of the measured response is centered at 1.43MHz + 0.03MHz. The higher
frequency peaks appear at 3.15MHz and 5.81MHz which are centered at 4.48MHz + 0.03MHz

(3.15+5.81

MHz = 4.48M HZ). The nuclear frequency of isolated !'B is 4.47MHz, a frequency

consistent with our observations. Additionally, we are able to extract the approximate hyperfine
coupling constant of ''B due to the separation in the EDENDOR peaks. Our estimated hyperfine
constant for !'B is =2.65MHz. Fig. 2B shows a trace at a field far off the resonance condition, at
297mT, with equivalent signal averaging. The observed peaks are no longer present at this
magnetic field, confirming that the response observed at 327mT is due to EDENDOR. We are
unable to extract any information about the quadrupole interactions except to note that the
EDENDOR response is quite broad. Some of this broadening is likely due to unresolved

quadrupole interactions.
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Fig. 2: The SDTAT EDENDOR response of the a-B:H films at A. 327mT (pink) for on-resonance and B. 297mT
(black) for off-resonance. All EDMR variables were kept constant as described in Fig. 1.
In conclusion, we demonstrate EDENDOR 1in a-B:H films, detecting ENDOR from both
18 and !'B isotopes. Our results, coupled with two other recent reports,'®!! show that the

EDENDOR technique measurements using a relatively simple apparatus should be possible in

many systems. To the extent that this is the case, our work suggests that EDENDOR may be

widely applicable in studies of transport in semiconductor devices.
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ABSTRACT

We have developed a sensitive electron nuclear double resonance spectrometer in which the detection takes place through electrically detected
magnetic resonance. We demonstrate that the spectrometer can provide reasonably high signal to noise spectra of N interactions with deep
level centers in a fully processed bipolar junction transistor at room temperature.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123619

INTRODUCTION

The identification of defects that alter the performance of
solid-state electronic devices is a topic of widespread interest. The
family of electron paramagnetic resonance (EPR) techniques offer
unrivaled analytical power in the identification of these defects;
however, the sensitivity of conventional EPR under typical cir-
cumstances is about 10 x 10° defects.' This number far exceeds
the number of performance-limiting defects in technologically rel-
evant solid-state devices. Electrically detected magnetic resonance
(EDMR) has proven to be an extremely sensitive technique for iden-
tifying such defects in semiconductor devices.”” This is possible
because EDMR is at least 7 orders of magnitude more sensitive than
its parent technique, electron paramagnetic resonance.” EDMR is
also exclusively sensitive to defects directly involved in device per-
formance. Although EDMR is a powerful tool, its analytical power
could be greatly enhanced with the addition of a nuclear magnetic
resonance (NMR) component. The conventional double resonance
technique, known as electron nuclear double resonance (ENDOR),
combines EPR and NMR and has the analytical power to provide
detailed atomic scale information about paramagnetic defects in
semiconductors as well as in insulators.’ Unfortunately, the absolute

sensitivity of conventional ENDOR is several orders of magnitude
lower than that of classical EPR, making the technique essentially
impossible in studies of micro- and nanoscale electronic devices.
We demonstrate that by utilizing EDMR detection, ENDOR sen-
sitivity may be enhanced by many orders of magnitude, opening
possibilities for electrically detected ENDOR (EDENDOR) to con-
tribute substantially to solid-state device physics. Although EDEN-
DOR has been reported in the past,”” to the best of our knowl-
edge, this is the first time ENDOR has been observed within a
transistor or, for that matter, any fully operational semiconductor
device.

BACKGROUND

In EPR measurements, one observes the response of param-
agnetic centers to a large magnetic field in combination with an
oscillating magnetic field. The magnetic field provides an energy
difference between the two values of the electron spin quantum
number. When the frequency of the oscillating magnetic field,
v, times the Planck’s constant, h, is equal to this energy differ-
ence, electron spins can be “flipped.” If an unpaired electron is
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otherwise unaffected by its surroundings, the resonance condition
for that electron is:"

hv = gepsB. 1)

Here, g. is the Landé g value (g. = 2.00232...), up is the Bohr
magneton, and B is the magnitude of the applied magnetic field.
The analytical power of EPR comes from deviations from Eq. (1).
The EPR response of a paramagnetic defect in real material sys-
tems is altered by the local environment. There are two primary
factors that make the resonance condition system dependent: spin
orbit coupling and electron-nuclear hyperfine interactions (other
factors play important roles under some circumstances). Spin orbit
coupling changes the Landé g, to an orientation dependent value.
Electron-nuclear hyperfine interactions, interactions between the
paramagnetic defect site and nearby nuclei with magnetic moments,
also affect the resonance condition. Considering both spin orbit
coupling and electron-nuclear hyperfine interactions, the resonance
condition becomes™”

hv = gyBB + Z m,—A,-. (2)

Here, g is an orientation dependent value usually expressed as a sec-
ond rank tensor, m; is the nuclear spin quantum number of the
ith nearby magnetic nuclei, and A; is the electron-nuclear hyper-
fine coupling due to that nucleus, also usually expressed as a second
rank tensor. Measuring the frequency v and the magnetic field at
resonance allows for the identification of the chemical and physical
nature of atomic scale defects.

ELECTRICALLY DETECTED MAGNETIC
RESONANCE (EDMR)

EDMR is a variation of EPR in which the EPR response
is detected as a change in the device current. EDMR is usually
detected by one of the two techniques: spin dependent recom-
bination (SDR)”'' and spin dependent trap assisted tunneling
(SDTAT).”"” " In this work, we detect EDMR via SDR in the base-
emitter junction of a 4H-SiC bipolar junction transistor (BJT)."” A
qualitative understanding of the SDR/EDMR response can be pro-
vided by the Shockley-Read-Hall model for recombination. An elec-
tron in the conduction band is first trapped by a deep level defect.
A hole in the valence band is then trapped by the same defect,
resulting in electron and hole recombination. (The sequence of elec-
tron and hole capture can, of course, be reversed.) This process can
be spin dependent. If the conduction electron and a paramagnetic
deep level defect electron have the same spin quantum number,
the capture event will be forbidden by the Pauli exclusion princi-
ple. When the resonance condition for the defect is met, the spin
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of the defect electron flips and the forbidden transition becomes
allowed.

In a conventional ENDOR measurement,”'°?’ the EPR
response is first measured. The magnetic field is then fixed at the
field that results in (typically) the maximum microwave absorp-
tion, and a radio frequency (RF) is swept while maintaining the
EPR microwave oscillating magnetic field. When the RF induces
nuclear resonance at a site near the defect observed in EPR, a change
in the EPR amplitude is observed. Measuring the response of the
EPR amplitude as a function of the NMR RF allows one to mea-
sure both the hyperfine interactions and the frequency v, at which
NMR would be observed for the isolated nucleus. Thus, the v, value
directly identifies the chemical nature of the nucleus observed. The
observation of the hyperfine parameter provides direct information
about the relationship between the paramagnetic site electron wave
function and the nearby nuclei so observed. This is the easiest to
describe for the case of a defect electron spin (S) = % and a nearby
nuclear spin (I) = 1 for a single value of hyperfine interaction,
a. In this case, the ENDOR response condition will be given by
vz |vn + §| Somewhat more complex responses can occur for I >
due to the presence of nuclear quadrupole moments. The presence
of a nuclear quadrupole moment changes the ENDOR response fre-
quency conditions to v = ’% + V% Q|, where Q depends on the
electric field gradient at the nucleus and the nuclear quadrupole
moment.

When relatively distant nuclei are involved with relatively
small hyperfine interactions and quadrupole contributions, multi-
ple closely spaced ENDOR lines will yield a single response centered
on the NMR frequency corresponding to the magnetic field utilized
in the measurement. This is the ENDOR response observed within
this report and is referred to as “distant ENDOR.”

EDENDOR APPARATUS

The EDENDOR spectrometer utilizes a single loop nonreso-
nant “antenna” that is placed vertically within a TE;o, microwave
cavity adjacent to the sample to generate the NMR oscillating
magnetic field. The NMR loop is fashioned out of gold on a
printed circuit board (PCB), as illustrated in Fig. 1. The sam-
ple under test sits beneath this loop on the reverse side of the
PCB.

The primary magnetic field, By, is supplied by an electromag-
net with four-inch pole faces that surrounds the microwave cav-
ity. The EDENDOR frequency sweep is supplied to the NMR coil
loop via a Fluke 291 arbitrary waveform generator (AWG) capa-
ble of sweeping within the range of near DC to low radio fre-
quencies. In addition, the AWG has a reference signal input that
provides the modulation required for the frequency sweep to have

FIG. 1. T-shaped NMR PCB probe
design with a 1 mm diameter nonreso-
nant “antenna.”
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phase-locked modulation. Lock-in detection is utilized to limit the
background noise. The device is biased, and the current response
is converted to a voltage using a Stanford SR570 low-noise cur-
rent preamplifier. That voltage is then read by a computer that
also controls the output of the AWG. The microwave source gen-
erates a standing wave of the microwave frequency within the
cavity. A schematic of an EDENDOR spectrometer is illustrated
in Fig. 2.

The relationship of the magnetic field to electrical current in the
center of a loop is given as

tol
B, = 2 (3)
where B; is the magnitude of the magnetic field, y is the permeabil-
ity of free space, I is the current passing through the loop, and r is
the diameter of the loop. The electric field lines generated by current
flow through the loop are orthogonal to the direction of the magnetic
field.

Potentially debilitating issues with this system are that the
power delivered to the NMR coil by the AWG is not perfectly consis-
tent over the swept frequency range. The magnitude of the RF NMR
magnetic field is dependent on the AWG’s output power which is
related to the impedance of the NMR coil. As the frequency is swept,
the impedance of the NMR coil will change, thus introducing spu-
rious variations in the device current. These slight changes in the
device current can completely obscure the EDENDOR response.
Changes in power also change the magnitude of the RF electric
field emitted tangent to the loop. There is a possibility that fluctu-
ations in the electric field can cause small unwanted biasing effects.
EDENDOR measurements detect changes in the device current.
Slight instabilities in the NMR oscillating field amplitude obscure
the ENDOR response which is a small resonant inducted change in
the device current. The extraneous background is modestly reduced
by implementing a high to low impedance buffer circuit to isolate
the AWG from the load. The addition of the buffer circuit results in
a minor improvement to the EDENDOR signal, but fluctuations in
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power observed by the load from the AWG still dominate the signal
response.

PID CONTROLLER

A proportional-integral-derivative (PID) controller is imple-
mented to provide real-time feedback in a much more effective
method to reduce fluctuations in power. The PID controller controls
the response of the AWG by comparing the up-to-date output (pro-
cess variable) to a desired set point, thus generating a real-time error
signal.”’ The PID controller’s output adjusts in accordance with the
magnitude of the error signal, resulting in the error being driven
toward zero. The output response of the PID controller is

de(t)
dt’

u(t) = Kpe(t) + Ki f e(t)dt + Ky (4)
where u(t) is the output, e(t) is the error signal, and K, K;, and
K, are the controller gain parameters corresponding to propor-
tional, integral, and derivative, respectively. The PID gain param-
eters require careful tuning to achieve the best control.”” When
the controller is properly tuned, the error is driven toward zero
extremely quickly; the method behind the PID tuning procedure has
been extensively discussed elsewhere.”” *’

PID POWER LEVELING

For the PID-EDENDOR design, a low-tolerance 50 Q resis-
tor is placed in series with the NMR coil loop as the load. This is
done in order to match the internal 50 Q source impedance of the
AWG to that of the load. For extremely low frequencies, this is a
correct assumption as the impedance of the loop is approximately
zero. However, the loop will behave as an inductor and the complex
impedance increases as the frequency increases in accordance with
the following equation:

Z = jnfL, (5)

FIG. 2. A schematic of the EDENDOR
spectrometer. The magnetic field is held
constant, while the AWG supplies the
RF sweep, and the device current is
recorded.
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where Z is the impedance, j is the imaginary constant, f is the
frequency, and L is the inductance of the loop.

In order to observe the response, a 1 GHz oscilloscope with a
10 GS/s sampling rate is placed in parallel to the 50 Q resistor and
the coil loop via a high impedance 10X attenuation cable to ensure
that there are no secondary loading effects. The high impedance
cable features a compensation capacitor that must be properly cal-
ibrated in order to match the input capacitance of the oscillo-
scope. This ensures that the voltage drop across the oscilloscope’s
internal impedance is consistent with what is being measured.
The circuit diagram of the PID-EDENDOR spectrometer is shown
in Fig. 3.

The impedance of the cable and the scope is large in com-
parison with that of the load (NMR loop circuit); the oscilloscope
has little to no effect on the circuit’s operation. With that said, the
AWG requires a constant 50 Q) load in order for the voltage mea-
sured across the load to be correct. Due to the internal 50 Q source
impedance of the AWG, half the voltage will drop over its inter-
nal impedance and the other half will drop over the 50 Q load.
The ratio of the voltage over the load to the actual output of the
AWG is Vrim = %, when the source impedance is matched to that
of the load. This is important in high frequency applications as a
mismatch in the impedance will cause power to be reflected back to
the AWG.”

The AWG, 50 Q resistor, and NMR loop network can be viewed
as a simple voltage divider with respect to the voltage across the load.
This relationship is shown as follows:

RL+ZL _
R5+ (RL+ZL) -

Ry +j2nfL

R R

Vi = Vawe Va

where V7 is the voltage observed by the load, Vawe is the volt-
age output of the AWG, R; is the 50 Q load resistor, R, is the 50
Q internal impedance of the AWG, and Z; represents the com-
plex impedance of the loop. However, the inductive component
prevents this as larger frequencies cause the magnitude of the
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inductive impedance term to grow and eventually dominate the
following equation:

(Ru)* + (2nfL)’

. @)
V(Ro+R0)? + (2nfL)’

[VL| = [Vawl

This will force the V,‘;ch ratio to approach a value of one, causing the
voltage drop across the load to increase with frequency.

In addition to this, the small size of the NMR coil loop as
well as the proximity of the PCB traces could lead to the pres-
ence of parasitic capacitances. This is especially devastating because
this will cause resonant effects and spurious voltage fluctuations at
frequencies within the circuit.”’

In order to remedy this effect, the PID controller was imple-
mented to measure the voltage over the load and compare it to the
set voltage, illustrated in Fig. 4. If there are discrepancies between the
set and measured voltage throughout the frequency sweep, the error
signal will increase and the controller will drive the error toward
zero, maintaining the voltage at a desired amplitude. This can be
observed by altering Eq. (7), in which the AWG voltage is changed
as a function of the error measured by the PID controller, shown in
the following equation:

(R)* + (2nfL)*

V(R+R) + (2nfL)*

This effect can also be observed by the power absorbed by the load.
This relationship is shown as follows:

[Vi] = [Vawa(e)] ®)

V:_ Vaws(F
2 \J(R)? + (2nfL)?

The impedance of the 50 Q resistor in series with the NMR coil
loop has a dependence on the frequency, and the voltage output of

P= 9)

FIG. 3. PID-EDENDOR circuit diagram. R represents the internal impedance of the AWG, R, represents the resistance of the load resistor, Z; represents the complex
impedance of the NMR coil loop, R represents the resistance of the 10X attenuation cable, C; represents the capacitance of the compensation capacitor, and R, and C,
represent the internal resistance and capacitance of the oscilloscope, respectively.
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FIG. 4. PID-EDENDOR block diagram. The oscilloscope measures the real time voltage and feeds this value back to the PID controller to generate an error signal. The PID

controller then adjusts the AWG output in order to reduce the incoming error to zero.

the AWG depends on the difference between the desired value and
the measured value. As the frequency is swept, the power absorbed
changes due to the varying impedance of the loop as well as para-
sitic effects. The PID controller quickly updates the AWG output to
eliminate the effect of any measured changes.

RESULTS AND DISCUSSION

In earlier implementations of EDENDOR, in which EDEN-
DOR was observed via spin-dependent photoconductivity in SiO,/Si
structures at room temperature by Hoehne et al.,” the EDENDOR
response was a very small signal riding on a large nonresonant
background, a result consistent with measurements made without
the implementation of a PID controller. In order to observe the
EDENDOR response, the nonresonant background had to be sub-

tracted out. Doing this required twice the amount of time as the

measurements had to be performed on and off resonance. The
subtraction itself may be less than perfect, further degrading the
measurements. In this study, we found that the PID-EDENDOR
technique removed the nonresonant background almost completely
up to 18 MHz in a 4H-SiC BJT. We observed the EDENDOR
response of "*N nuclei interacting with deep level defects involved
in recombination events in the depletion region of the base-emitter
junction of a 4H-SiC BJT. We know that the response is due to
nitrogen nuclei because the NMR frequency of an isolated nitro-
gen atom at the magnetic field applied, 3366 G, is 1.04 MHz.
No other magnetic nuclei present in significant quantities have
an NMR response in the vicinity of 1.04 MHz. The EDMR spec-
trum involved in these EDENDOR measurements has an isotropic
g = 2.003 + 0.0003 and a peak-to-peak linewidth of about 3.4 G.
Such EDMR spectra have been linked to silicon vacancies in 4H-SiC
metal-oxide-semiconductor field-effect transistors (MOSFETs).”

Normalized Response

(A) PID ON - OFF Resonance
(B) PID ON - ON Resonance
(C) PID OFF - ON Resonance

©

FIG. 5. (a) EDENDOR response with PID controller on—off
resonance at a field of 3000 G. (b) EDENDOR response
with PID controller on—-on resonance at a field of 3366 G. (c)
EDENDOR response with PID controller off-on resonance
at a field of 3366 G.
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This observation is consistent with distant ENDOR as only a single
line was observed centered around the NMR frequency correspond-
ing to nitrogen nuclei. The single line indicates that the nitro-
gen nuclei are sufficiently far from the paramagnetic sites. For this
device the nitrogen serves as substitutional donors which reside at
high symmetry carbon sites. Characterization and fabrication details
about the device have been described elsewhere.”” The response was
observed before and after the PID controller was utilized. When
the PID controller was off, the EDENDOR response was dominated
by nonresonant effects that were larger than the signal in question;
some effects even resembled the resonant peaks. Figure 5 shows the
EDENDOR response with the results for the PID controller on and
off normalized to the observed N peak that is centered near 1.04
MHz; the EDENDOR response at a field far off resonance is also
included for reference.

CONCLUSIONS

The PID controller’s ability to maintain constant power
through the loop is dependent on real-time changes in power. The
voltage is directly measured and fed back to the PID controller
from the oscilloscope, so power changes due to various reasons
are corrected with sufficient accuracy. To assure that the PID con-
troller is functioning to the best of its ability, it is important to
sweep frequencies at a reasonable rate. This is because the PID con-
troller responds quickly but not instantaneously. The more time
the PID controller has to correct power fluctuations, the more effi-
ciently it will perform. The PID controlled power leveling tech-
nique has demonstrated the ability to resolve EDENDOR signals
when the response would normally be dominated by fluctuations
in power. This technique has applications anywhere when a con-
stant power frequency sweep is required. The PID controller’s
performance also depends on the precision of the oscilloscope’s
measurements, the precision of the AWG’s output, and the speed at
which both these instruments communicate with a computer. The
more precise the measurement and output, the better the PID con-
troller is able to detect and correct small changes. This work shows
that it is possible to make extremely high sensitivity EDENDOR
measurements in a fully functional transistor. Our work thus indi-
cates that EDENDOR will be widely applicable to technologically
relevant solid-state devices. Such measurements should be partic-
ularly useful in studies of device physics as they provide a direct
link between the chemical and physical nature of defects and device
performance.
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The performance of silicon carbide (SiC)-based metal-oxide-semiconductor field-effect transistors
(MOSFETs) is greatly enhanced by a post-oxidation anneal in NO. These anneals greatly improve
effective channel mobilities and substantially decrease interface trap densities. In this work, we
investigate the effect of NO anneals on the interface density of states through density functional
theory (DFT) calculations and electrically detected magnetic resonance (EDMR) measurements.
EDMR measurements on 4H-silicon carbide (4H-SiC) MOSFETs indicate that NO annealing sub-
stantially reduces the density of near interface SiC silicon vacancy centers: it results in a 30-fold
reduction in the EDMR amplitude. The anneal also alters post-NO anneal resonance line shapes sig-
nificantly. EDMR measurements exclusively sensitive to interface traps with near midgap energy
levels have line shapes relatively unaffected by NO anneals, whereas the measurements sensitive
to defects with energy levels more broadly distributed in the 4H-SiC bandgap are significantly
altered by the anneals. Using DFT, we show that the observed change in EDMR linewidth and the
correlation with energy levels can be explained by nitrogen atoms introduced by the NO annealing
substituting into nearby carbon sites of silicon vacancy defects. Published by AIP Publishing.

https://doi.org/10.1063/1.5045668

INTRODUCTION

Metal-oxide-semiconductor field-effect transistors
(MOSFETS) based on silicon dioxide (SiO,) on 4H-silicon
carbide (4H-SiC) show great promise in high power and high
temperature applications. However, the potential of this tech-
nology is limited by less than ideal electronic behavior at the
SiC/SiO, interface region. Incorporation of post-oxidation
NO annealing into the process flow results in significant
densities of nitrogen in the interfacial region (about
10 ecm™2)"? along with substantial improvement of the
interface properties—typically an order of magnitude
improvement in effective channel mobility” via a comparable
decrease in interface trap density*® and nitrogen counter
doping.” Although the NO anneals are of great technological
importance in SiC MOSFET technology, the materials
physics involved in the annealing process is not well under-
stood. Important physical insight can be gathered from elec-
tron paramagnetic resonance (EPR) measurements® obtained
via electrically detected magnetic resonance (EDMR).”'°

Earlier EDMR studies'' show that NO anneals result in
substantial reduction of the magnetic resonance spectrum
associated with silicon vacancy (Vg;) centers located near
the SiC/SiO, interface, as indicated in Fig. 1. (The EDMR

0021-8979/2018/124(18)/184501/7/$30.00
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results also show a large reduction of a second spectrum con-
sisting of two lines with a separation of approximately 11 G.
This spectrum is attributed to a hydrogen complexed oxygen
deficient silicon site called the 10.4 doublet center.'> This
aspect of the EDMR will not be further discussed in this
work.) The EDMR response corresponds to the singly nega-
tively charged Vj; site —/0 energy level. Recent EDMR
measurements utilizing the bipolar amplification (BAE) tech-
nique'® and spin dependent charge pumping (SDCP)'* indi-
cate that nitrogen nearby to these Vs; centers broaden their
EDMR spectrum and that the broadening depends on the
measurement used.'> We utilize these EDMR measurements
and density functional theory (DFT) to explore the effect of
nitrogen on Vg;. We consider nitrogen atoms substituted in
third-nearest neighbor carbon sites (N¢) to paramagnetic V;
and compare our findings with results from the EDMR mea-
surements. [The silicon vacancy is surrounded by four
carbon nearest neighbors, 12 silicon second-nearest neigh-
bors (in two distinct shells), and 25 carbon third-nearest
neighbors (in six distinct shells)]. Candidate nitrogen sites
are shown in Fig. 2.

To provide a coherent discussion of our analysis, we first
give a brief discussion of EPR and EDMR in general, and

Published by AIP Publishing.

DISTRIBUTION A: Distribution approved for public release.


https://doi.org/10.1063/1.5045668
https://doi.org/10.1063/1.5045668
https://doi.org/10.1063/1.5045668
https://doi.org/10.1063/1.5045668
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5045668&domain=pdf&date_stamp=2018-11-13

184501-2 Anders et al.

FIG. 1. The effects of an NO anneal on the SDCP detected EDMR. Two
defect spectra are superimposed: a sharp center line, due to silicon vacancies
in the near interface silicon carbide and a weaker spectrum, with two lines
separated by about 11 G due to hydrogen complexed E' centers. The NO
anneal greatly reduces the amplitudes of both defect spectra."’

then we describe the BAE and SDCP EDMR detection tech-
niques. EPR occurs when a paramagnetic center in a mag-
netic field absorbs electromagnetic radiation at a frequency v.
In the simplest case of an unpaired electron unperturbed by
its environment, the electron transitions from its ¥2 to —%2
spin state (or vice versa) with a resonance condition
given by®

hv = geugB. (1)

Here, h is Planck’s constant, v is the electromagnetic radiation
frequency, g. is the free electron g factor (g, =2.0023193...),
Up is the Bohr magneton, and B is an externally applied
magnetic field.

FIG. 2. Sites for nitrogen decoration (purple) in silicon carbide supercell.
Brown (tan) are carbon (silicon) atoms. Center of vacancy is indicated by red
atom. In all other figures and tables, Nc-V; complex with nitrogen at the a,
b, or c site will be referred to as N-a, N-b, and N-c, respectively.

J. Appl. Phys. 124, 184501 (2018)

The analytical power of EPR (and EDMR) comes from
deviations from this simple case caused by the paramagnetic
site environment. For the observations in this study, two phe-
nomena dominate these deviations: spin-orbit coupling and
electron-nuclear hyperfine interactions. For the purpose of
our discussion, the spin Hamiltonian of such a system can be
expressed as®

H=usB-g-S+> I;-A;-S. 2)

Here, up is the Bohr magneton, B is the applied magnetic
field vector, S is the electronic spin operator, and /; is the
nuclear spin operator for the ith nucleus. g and A; are essen-
tially tensors which describe a defect’s local environment
and are usually referred to as the g and A tensors. Spin-orbit
coupling causes the g tensor components to deviate from the
free electron g, and A provides a measure of electron-nuclear
hyperfine interactions. It should be noted that a more
complex spin Hamiltonian is required to fully describe the
silicon vacancies discussed herein. However, the simple form
of Eq. (2) is adequate to understand the results presented in
this work.

EDMR measurements detect EPR through a change in
device current. EDMR is inherently advantageous for solid
state electronic device studies for two reasons: (1) it is exclu-
sively sensitive to defects involved in electronic transport and
(2) it is typically at least 10 x 10° times more sensitive than
conventional EPR. In an EDMR measurement of an elec-
tronic device, the device is placed into a high quality factor
microwave cavity or an RF coil which is placed in an electro-
magnet. As is the case for conventional EPR, the device is
exposed to constant frequency electromagnetic radiation.
Unlike conventional EPR, in EDMR, the device under study
is biased in such a way as to produce a recombination or trap
assisted tunneling dominated current. The magnetic field is
slowly and linearly swept about the resonance field, and the
EPR-induced current change is measured as a function of the
magnetic field. The EDMR measurements discussed in this
paper are, as mentioned previously, BAE and SDCP.

The BAE approach relies on spin dependent recombina-
tion (SDR)'° to detect EDMR. SDR occurs when a charge
carrier in either the valence or conduction band transitions to
a deep level defect and then recombines through the subse-
quent capture of a charge carrier of the opposite sign. This
process is spin dependent. A somewhat simplified explana-
tion, suitable for the discussion herein, is as follows. The
process is spin dependent because the capture event involv-
ing a paramagnetic charge carrier (electron or hole) at a para-
magnetic defect site can only take place when the two
entities have opposite spins. Envision the simple case of a
conduction electron encountering a neutral paramagnetic
“dangling bond” site. If the conduction electron and dangling
bond electron have the same spin quantum number, the
capture event would be forbidden by the Pauli exclusion
principle. However, if the dangling bond spin were to be
“flipped” by an EPR event, the trapping process and
eventual recombination would be allowed. Inducing EPR
of defect sites thus increases the recombination rate and
recombination current.

DISTRIBUTION A: Distribution approved for public release.
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In the BAE measurement, the MOSFET source-body
diode is forward biased. The gate is biased so as to attract the
charge carriers injected by the source; however, the bias is
not sufficient to create an inversion layer. Current is measured
at the drain (the drain is at virtual ground) and is strongly
influenced by the interface/near interface recombination
events. The BAE response is optimized by selecting a gate
voltage that maximizes the change in interface/near interface
recombination current. This change in recombination current
as a function of magnetic field is the BAE signal. Because
the BAE technique uses SDR, it is only sensitive to deep
levels, as they must be efficient recombination centers.

SDCP measurements utilize EPR to observe a change in
the current produced by charge pumping (CP).'*"'® SDCP,
like BAE, exploits the spin dependent nature of charge
capture at the MOSFET interface. Unlike BAE, however,
SDCP can be sensitive to defect levels throughout a large
majority of the 4H-SiC bandgap. SDCP utilizes CP, a power-
ful and widely utilized electrical MOSFET interface trap
characterization technique. The CP process, in the most
straightforward approach, involves the application of a con-
tinuous trapezoidal waveform to the MOSFET gate to alter-
nately invert and accumulate the interface, filling and
emptying traps at the interface region. The process produces
a recombination current dominated by interface traps called
the CP current which is measured at the body contact. Thus,
the SDCP response (Alcp) is the EPR-induced change in the
CP current. For our discussion, the most relevant aspect of
the technique is its ability to directly connect EDMR spectra
with a range of energy levels within the 4H-SiC bandgap.
The CP current is proportional to the waveform frequency,
charge, effective channel area, density of states, and the
measured bandgap energy window (AEcp). AEcp is nearly
centered around midgap and can be approximated by'®'®

AVg >
v on (Ve — VD Vi)’

AECP = 2kBT1H< (3)

where kg is Boltzmann’s constant, 7 is the temperature, AV
is the gate waveform pulse amplitude, v;, is the geometric
average of the electron and hole thermal velocity, o is the
geometric average of the electron and hole capture cross sec-
tions, n; is the intrinsic carrier concentration, V57 and V7
are the CP threshold and flatband voltages, respectively, and
t. and t; are the rise and fall times of the gate waveform,
respectively. Equation (3) directly links measured defects to
the range of energy levels at which they reside, thus provid-
ing a direct link between defect structure and an energy
window.

EXPERIMENTAL
Electrically detected magnetic resonance

Our measurements were made on a homemade EDMR
spectrometer operating at an ultra-low frequency (v =360
MHz). It consists of a custom-made electromagnet made of 5
nested pairs of Helmholtz coils, a Kepco BOP 100-4M power
supply, a Lake Shore Cryotronics 450 DSP temperature-
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compensated Gauss meter and Hall probe, a Stanford
Research Instruments SG382 microwave generator, and a
computer which provides lock-in detection, magnetic field
control, and the data acquisition system. The RF magnetic
field is provided by a Doty Scientific surface coil and reso-
nance circuit. The RLC circuits maximize the RF fields at
360 MHz. Because the spectrometer utilizes lock-in detection,
a small audio frequency alternating magnetic field is added to
the large swept magnetic field to modulate resonance. As a
consequence of this detection method, the measured spectrum
is approximately the derivative of the EDMR response. For
SDCP measurements, the gate waveform was applied with
a Tabor Electronics WW2572A waveform generator. All
measurements were made at room temperature.

Two types of MOSFETs were utilized in this study.
Both types have a wet thermal gate oxide process but were
fabricated by different manufacturers. One type received a
post-oxidation anneal in NO for 2h at 1175 °C while the
other did not. The NO annealed and as-grown MOSFETs had
a doping density, mobility, and defect density of 7 x 10'®cm™,
19 cm*/V s, 4.6x 10" cm2eV™! and 6 x 1016cm_3, 1 ecm?/V S,
3.1x10”cm™?eV™!, respectively. BAE measurements
utilized longer channel MOSFETs which had gate areas
(L xW) of 5x100 ,um2 (as-grown) and 100 x 100 um2 (NO
anneal), and SDCP utilized shorter channel MOSFETs
which had gate areas (L x W) of 1 x424 /,tm2 (as-grown) and
1 x 1000 ym2 (NO anneal).

Theory

The defect calculations were executed with the highly
efficient SEQQuUEsT DFT code, using well converged, local
orbital bases (double-zeta + polarization) and Hamann-type
pseudopotentials,'” with a spin-polarized Perdew-Becke-
Ernzerhoff (PBE) implementation of the generalized gradient
approximation.”’ To incorporate self-consistently the correct
asymptotic boundary conditions for isolated charged defects,
we use the local moment counter charge (LMCC) method*'-*
instead of a jellium background charge. This technique has
predicted defect level energies with 0.1-0.2 eV accuracy
across a full bandgap in silicon,”* gallium arsenide,”~°
and cesium iodide.”” The long-range dielectric screening
energy (outside the DFT defect simulation cell) is incorpo-
rated using a Jost expression®® for a charge Q in the spherical
cavity in isotropic dielectric medium with a low frequency
dielectric constant, &,,

2
Epo = — 2 [11], @)

2R.I0st &o

where R, is an effective “spherical radius” of the supercell
(Rydberg atomic units). Good convergence to an asymptotic
limit as a function of supercell size verifies that this is a good
approximation.*

We use 2H-SiC as a proxy for 4H. It offers more conve-
nient supercell dimensions, 2H- and 4H-SiC have bandgaps
that are within 0.1 eV of each other, and, as noted in Ref. 29,
and seen in Fig. 3, the defect levels are very similar. We
use a 300-atom supercell (a 5x5x3 expansion of the
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FIG. 3. Silicon vacancy defect levels from several calculations for 2H- and
4H-SiC. The band edges, estimated from the LMCC method, are shown in
dotted lines. ZFB, W, T, EGL, and CW are from Refs. 29-32 and current
work. For EGL, Si(h) and Si(k) indicate the two inequivalent sites.

conventional 4-atom hexagonal unit cell) with a 2x2x2
k-sampling. Using our PBE lattice parameters, c=5.09 A
and a=3.10 f\, this 5x5x3 supercell has a c/a ratio of
0.985, convenient for applying the spherical Jost screening
estimate. The simulation volume was fixed to the theoretical
lattice parameters, and atomic positions were relaxed to a
minimum energy defect structure, with forces less than 0.02
eV/A on each atom. Atoms at the C-axis cell boundary plane
midway between Si vacancies in neighboring supercells were
held fixed to prevent artificial strain interactions between
defects. We considered nitrogen substituted on the nearby
carbon sites “a,” “b,” and “c” depicted in Fig. 2: N¢ — Vg;
pair defects are denoted as N-a, N-b, and N-c. We also con-
sidered two cases where nitrogen replaced second nearest
neighbor silicon. These were found to be significantly higher
in energy (~7 eV) and therefore not considered further in this
work. We considered low- and high-spin configurations. In
all cases, the high-spin state was lower in energy by roughly
0.2-0.3 eV.

DISCUSSION
Electrically detected magnetic resonance results

As mentioned previously, BAE and SDCP offer comple-
mentary information about the energy levels of the observed
defects.'”” The BAE approach is specifically sensitive to
defects with energy levels near midgap while the SDCP
measurements (for our case) are sensitive to defect levels
throughout ~85% of the bandgap.'> The line shape of the
(dramatically reduced) NO-annealed device EDMR spectrum
depends on the EDMR detection technique. This difference
is clear in both high and ultra-low resonant frequency EDMR
measurements. However, the differences are most evident in
the ultra-low frequency spectra, and we can assume that
changes to spectra (in our case, spectral broadening) are
almost entirely due to hyperfine interactions® which simpli-
fies our discussion. Representative results are illustrated in

J. Appl. Phys. 124, 184501 (2018)

FIG. 4. 360 MHz BAE spectra comparing NO annealed (black) and
as-grown (red) samples. Spectra are amplitude normalized for better compar-
ison of linewidths.

Figs. 4 and 5 which compare measurements of NO annealed
and as-grown MOSFETs via both EDMR techniques.

If the EDMR is detected via BAE, the as-grown device
spectrum is virtually identical to the NO-annealed device
spectrum (Fig. 4), but if the EDMR is detected via SDCP,
the NO-annealed device spectrum is broader than the
as-grown device spectrum by about 1.5G (Fig. 5). This
broadening is almost certainly due to hyperfine interactions
with nearby nitrogen introduced by the NO anneal, because
the spectral linewidths are virtually identical between BAE
and SDCP in the as-grown device. In contrast, the SDCP
spectrum is much broader for the NO-annealed device. The
spectral broadening and the change in energy levels are
apparently linked. The BAE spectra (due to only those
defects with —/0 energy levels near midgap) are essentially
un-broadened by the NO anneals whereas the SDCP spectra
(due to defects with —/0 levels more broadly distributed
through the gap) are significantly broader. How can this
be? Our results make sense if a majority of Vg; are coupled
to nearby nitrogen, the nearby nitrogen shifts the —/0 Vg
energy levels away from midgap. DFT provides insight into
this theory.

Theoretical results

As mentioned previously, we consider nitrogen atoms
introduced as third-nearest neighbors (nitrogen substituted for

FIG. 5. 360MHz SDCP spectra comparing NO annealed (black) and
as-grown (red) samples.
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TABLE I. Energies of formation and intra-defect distances for sites labeled
in Fig. 4.

Ry_v, (A) AE; (eV) (Si-rich)
Vsi 2.75
N-a 3.36 4.94
N-b 4.78 4.96
N-c 5.87 5.11

carbon) to paramagnetic Vg. In Table I, we show the
energies of formation (AEr) in the neutral charge state (in a
Si-rich limit), and the intradefect distance, the distance
between the defect center and the average position of the
nitrogen nuclei (Ry_v,,), for the various N¢ — Vs; configura-
tions. The stability of nitrogen at carbon sites changes
remarkably little with distance from the vacancy. Assuming
equilibrium conditions, there would be half as many N¢ sub-
stitutions at 4.78 A, and 0.003 as many at 5.87 A, as there are
at3.36 A

In Fig. 6, we show computed defect levels for isolated
Vs and for the nitrogen substituting for carbon atoms near a
Vsi. We label the levels for the N sites with the analogous
charge state of the isolated Vs;. We expect that the N¢
will donate one of its electrons to the Vg; so that the neutral
Vsi + N¢ defect complex corresponds to —1 charge-state of
the vacancy and a positive nitrogen ion. This simple picture
is supported by the preservation of the general features of the
Vsi level diagram, with shifts downward, consistent with the
N¢ acting as a modest perturbation on the Vs;. The further
the nitrogen ion is from the Vj;, the smaller the shift. The
—/0 level corresponds to the level observed in the EDMR.
The largest shift of this level, for the nearest nitrogen, N-a, is
~0.5 eV. Note that Fig. 6 has no reference to the band edges.
In Fig. 3, we compare our defect levels for the Vg from
several calculations in the literature.”*>* Note that the results
from Zywietz et al.,’® from Ettisserry et al.,>* and from the
current work all put the —/0 level near midgap. Reference 29
did not account for finite cell effects. The results from

FIG. 6. Defect levels, as calculated using the LMCC, for the silicon vacancy
and for the three configurations of N¢-V; defect pairs labeled N-a, N-b, and
N-c in Fig. 2.

J. Appl. Phys. 124, 184501 (2018)

Ref. 32 are for hybrid screened exchange and include both
finite cell corrections and an approximate treatment of the
proximity to the interface. Note that, for the —/0 level, there
is an insignificant difference between Si(k) and Si(k), the
two inequivalent silicon sites in 4H-SiC. While we do not
include interface effects, for defects 3 A from the interface,
the interface electrostatic adjustment is only 0.05eV for the
—1 charge state.*** Finally, we should note that the shifts in
Fig. 6 are independent of interface effects. Finally, the band
edges in Fig. 3 imply that for all nitrogen decorated vacan-
cies considered, the +/++ level will be subsumed into the
valence band.

The downward shift in the near midgap —/0 level in the
current calculation would explain the experimental EDMR
observations. When nitrogen introduced by the NO anneal
decorates Vg;, those Vg would not be probed by the BAE
measurements. (Vg without nitrogen will still be probed.)
The N¢ — Vs; complex would, however, be probed by the
SDCP measurements, and they would be broadened by the
nitrogen. This is exactly the case. The Wang result’’ and
Torpo result?® would lead to little change, the spin-active
state is already completely within the range of the SDCP
experiment and yielding no difference between the BAE and
SDCP after the NO anneal.

Finally, we turn to the calculated spin densities on the
nitrogen ions. We used Mulliken population analysis®* gener-
alized for solids. Following Mulliken, in Eq. (5), we define a
set of gross spin populations

Mo h

_ B gk ¥
ol =22 ! ZCZ, miSnaims Ctmg (50)

=0 (5b)
na

Pry = Py = Phys (5¢)

i =p% —Phs (5d)

where k is summed over the k-vector sample, i is summed
over spin-up (&) or spin-down (f) eigenstates, ny and mg
label the Bloch function associated with the local orbital
basis element ny and mg, centered on atoms A and B, respec-
tively, C is the complex linear combination coefficients for
the Bloch functions in the eigenvectors, n%? is the occupa-
tion number of the ith a or S eigenfunction, determined
by Fermi-Dirac statistics, and S is the k-dependent overlap
matrix between Bloch functions.

In Table II, we show the total spin densities on N-a,
N-b, and N-c. These are sums of terms shown in Eq. (5¢)—
essentially the angular momentum projections of the atomic
Mulliken spin populations. Qualitatively, they measure the
overlap of the defect wave function in the —1 charge state
with the nitrogen atom that decorates the vacancy. Because
the wave function is localized on the core of the vacancy, it
is unsurprising that the nitrogen-spin density decreases
monotonically with distance. We should note that these are
pseudo-spin densities obtained from the pseudo-wave func-
tions. They do not include core-polarization, and they do not

DISTRIBUTION A: Distribution approved for public release.



184501-6 Anders et al.

TABLE II. Spin densities, in electron spins, on the three sites shown in
Fig. 4.

s-density p-density d-density
N-a 1.73x1073 2.46x1072 32x107*
N-b 7.0x 107 1.13x 1072 6.4x107*
N-c 7.0x 107 1.12x 1072 6.1x107*

have the correct orthogonality oscillations that would permit
direct calculation of hyperfine parameters. However, these
sums over direction and a split-valence basis set are good
first order approximations (to better than a factor of two) for
estimates of broadening due to the hyperfine interactions
with the nearby nitrogen atoms. Hyperfine constants for
electrons 100% localized on the near 100% abundant
"N sites*>*° allow for approximate calculation of the broad-
ening. The isotropic hyperfine coupling constant for an
electron 100% localized on a nitrogen s-orbital would be
646.2 G. The anisotropic hyperfine coupling constant for an
electron 100% localized on a nitrogen p-orbital would be
19.8 G. Since the nitrogen nucleus has a spin of one and the
s-contribution is somewhat larger than the p-contribution, we
estimate that the broadening would be dominated by the
s-character contribution and would correspond to about 2.2 G
for nitrogen atoms at the N-a sites and 0.9 G for nitrogen
atoms at the N-b and N-c sites. The net effect would be a
weighted average of these values. Thus, the experimentally
observed broadening between as-grown and NO-annealed
SDCP spectra of about 1.5 G is in good agreement with the,
admittedly, semi-quantitative theoretical values. This broad-
ening would, of course, only be observable if these nitrogen
atoms were to be present at a very high fraction of the defect
sites. Our results then are entirely consistent with the earlier
work of others indicating a very high density of nitrogen
induced in the near interface region by the NO annealing.
However, since our resonance results are only sensitive to the
immediate surroundings of the defects, they do not directly
address the overall nitrogen concentration in the near inter-
face region, but only the nitrogen concentration in the imme-
diate vicinity of these defects.

SUMMARY

Our results provide a coherent explanation for the differ-
ences in the BAE and SDCP EDMR results for devices
which have and have not been subjected to the technologi-
cally important NO anneals. Nitrogen atoms in close proxim-
ity to the silicon vacancy centers will both lower the —/0
energy levels and broaden the EDMR spectra. Our work is
also consistent with the earlier work of others indicating the
presence of extremely high densities of nitrogen atoms at the
SiC-oxide interface as a result of NO anneals."> We note
that the defects measured by BAE and SDCP are close to the
interface; however, due to the complicated nature of the
experiments, we can only make an order-of-magnitude esti-
mate for their location. The limiting dimension in the SDCP
measurement is likely the width of the inversion layer
because the traps must be filled by the inversion electrons
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supplied by the source and the drain. This width is well
understood®’ and corresponds to several nanometers in these
measurements. Thus, a reasonable order-of-magnitude esti-
mate for the defect distance is within several nm of the inter-
face. It should also be noted that our results also suggest that
the NO anneals would be more effective in improving the
performance of n-channel devices than p-channel devices as
the introduction of the nitrogen atoms will drive remaining
defect energy levels downward toward the interface SiC
valence band edge.
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We report an ultralow-field frequency-swept electrically detected magnetic resonance (fSEDMR) measurement
scheme sensitive to so-called ultrastrong coupling in paramagnetic systems, which arises from comparatively
strong driving fields and weak Zeeman interaction with small static fields. We observe multiple-photon
transitions in the EDMR spectrum of a 4H-SiC transistor. The multiphoton transitions are a strong function
of the linearly polarized driving field and of the static field. The observation of both field-swept EDMR at
a constant frequency and fSEDMR demonstrate that the transitions we observe are caused by multiphoton
transitions. In the small static field and large driving-field regime, Bloch-Siegert effects cause small changes
to the resonant frequency. We observe these Bloch-Siegert shifts in the resonance frequency in the ultralow-field
fsSEDMR scheme and verify the observation by also measuring the driving field directly using Faraday’s law of
induction and a sensing coil. Multiphoton transitions are important for quantum engineering applications.

DOI: 10.1103/PhysRevB.102.020101

Multiple-photon transitions have been observed in nuclear
magnetic resonance [1-3], electron paramagnetic resonance
(EPR) [4,5], and in optically detected magnetic resonance
[6]. The multiphoton transitions have widespread applica-
bility from electrically driven magnetic resonance of spins
in quantum dots [7], magnetic resonance imaging [8], and
manipulation of coherent spin states in spin-based qubits
used for quantum computation [9]. Furthermore, in the ul-
trastrong coupling regime, Bloch-Siegert shifts (BSS) emerge
[10], which have applications in imaging [11] and quan-
tum computing [12]. Both multiphoton transitions and BSS
are observed in this work in the electrically detected mag-
netic resonance (EDMR) spectrum of interface defects in
4H-SiC/SiO, metal-oxide-semiconductor field-effect transis-
tors (MOSFETSs). The absorption of two or more photons
requires conservation of angular momentum. Right and left
circularly polarized photons have corresponding angular mo-
mentum J = 1 with my = 41 denoted as ¢ * photons, respec-
tively. For multiphoton transitions, discrete numbers of pho-
tons are absorbed for the transitions. In the work of Clerjaud
and Gelineau, the n = 2 transition and n = 3 transition
were observed in conventional EPR, where n is the number
of photons [4]. They account for the angular momentum
conservation for the two-photon transition by labeling one of
the absorbed quanta as a = photon which would exist if some
component of the linearly polarized driving field (B;) was
parallel with the static field By. The 7 -type photons are asso-
ciated with my = 0; these photons can be absorbed or emitted
by the spin system regardless of the spin angular momentum
difference of the transition since the wave function of the =
photon is 7 = \/%(cr+ + o 7) [5]. At ultralow magnetic fields

(<£0.5 mT) which would involve driving-field frequencies in
the range of ~5—15MHz or less, the electron spin Zeeman
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interaction is small and comparable to B;. Mkhitaryan et al.
show that, in weak field measurements, interaction of the
spin system with the environment can cause the two-photon
transition [4]. The effect of the environment can be viewed
as a time-dependent tilt of the DC field [13]. Mkhitaryan
et al. modeled the environment for the two-photon absorption
as a fluctuator coupled to the spin via the dipole interaction
[13]. We utilize the model proposed by Mkhitaryan et al.
to analyze the shapes of the two-photon resonances [13].
We find strong agreement between the theory of Mkhitaryan
et al. [13] and our experimental results. Ultralow-field EDMR
measurements of spin-dependent recombination currents in
SiC devices provide a particularly convenient system to study
the ultrastrong coupling regime (B; =~ Byp). At such low fields
and frequencies, the environment enabling the two-photon
transition can be conveniently studied; in the case of 4H-
SiC, the environment would be influenced by (small) hyper-
fine fields [13]. We observe the electrical detection of the
two-photon transition utilizing both continuous-wave EDMR
(cwEDMR) and frequency-swept (fs) EDMR. The observa-
tion of these transitions in both fSEDMR and cwEDMR
demonstrates that they are certainly due to multiphoton tran-
sitions; it rules out the possibility of harmonic detection from
the apparatus. Ultralow-field fSEDMR is a convenient scheme
for studying the EDMR response within the sub-mT range
because fSEDMR eliminates a near-zero field magnetoresis-
tance (NZFMR) response, which often dominates the sub-mT
regime in a magnetic field-swept measurement [14,15].
Continuous-wave EDMR is achieved in a manner much the
same as EPR aside from the detection scheme. In EDMR, a
change in device current occurs at resonance. To understand
the EDMR results of this paper, we provide a brief discussion
of EPR. Consider a sample with paramagnetic defects that is
placed within a microwave cavity situated between the pole
faces of an electromagnet. Consider first the simplest possible
case in which unpaired electrons residing in these defects are

©2020 American Physical Society
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otherwise unperturbed by their local environment. The cavity
along with a microwave bridge provides microwave radiation
of energy E = hv, where h is Planck’s constant and v is the
microwave frequency. The electromagnet provides a magnetic
field B; its magnitude splits the unpaired electrons’ energy
via the Zeeman interaction. The energy of the electron spins
in this B field is split into two levels characterized by the
electrons’ spin quantum number mg which can either be +1,/2
or —1/2. When the microwave radiation energy is equal to
the difference in energy between the electrons’ +1/2 and
—1/2 levels [16,17], hv = geugB, resonance occurs and the
electrons transition from +1/2 to —1/2 (or vice versa). Here,
Qe is the Landé g factor (ge ~ 2.0023...), ug is the Bohr
magneton, and B is the magnitude of the applied field. In EPR,
the absorption of microwave power is detected. Information
about the defect’s local environment is extracted via devia-
tions to this resonance condition, two of which are spin-orbit
coupling and electron-nuclear hyperfine interactions [16].
Electron-nuclear hyperfine interactions are the interactions
between the magnetic moments of the unpaired electrons and
the magnetic nuclei. EDMR is based on the intermediate
coupling of two electrons which results in a nearly field and
frequency independent sensitivity [18]. Thus, ultralow field
EDMR measurements are possible without a loss in signal
amplitude [18]. For the low magnetic fields utilized, spin-
spin interactions are also important to understand our results
[19,20].

One way in which EDMR takes place is through spin
dependent recombination (SDR). SDR can be understood by
theory first developed in a seminal paper by Kaplan, Solomon,
and Mott [18]. Consider the following (qualitative) explana-
tion of SDR. When a conduction electron encounters a deep
level paramagnetic defect, the unpaired electron will couple
with the conduction electron to form an intermediate state. If
both electron spins are parallel, the electron will be unable to
transition into the paramagnetic defect as this transition would
violate the Pauli Exclusion Principle; these triplet states (spin
angular momentum S = 1) tend to dissociate. However, at
resonance, spin flipping events at the deep level site will trans-
form triplet states into singlet states (spin angular momentum
S = 0), in which the unpaired electron and conduction elec-
tron spins are anti-parallel. Now the conduction electron may
fall into the deep level and will subsequently recombine with
a valance band hole. (This sequence could be reversed with
the hole capture followed by electron capture.) The singlet
state transition and subsequent recombination conserves spin
angular momentum, as S = 0, while triplet state capture
and recombination will not, as S = 1. Other spin dependent
transitions detected via EDMR are also possible, such as
spin-dependent trap-assisted tunneling [19,21-23].

EPR observations of multiples of the resonance field corre-
sponding to multiphoton transitions have been reported previ-
ously [4]. Quite recently, Mkhitaryan et al. have addressed, in
some detail, the theory of two-photon absorption in magnetic
resonance [13]. They model the two-photon resonance line
shape as a function of drive (B;/Bg) and show that for strong
drive, the two-photon line shape is a single peak whose
spectrum narrows with increasing drive. For weak drive, the
two-photon line shape is a two-peaked line with a broader line
shape. The ratio (B;/Bg) has also previously been explored in

studies of the transition amplitudes corresponding to multi-
photon transitions [5]. For larger transition amplitudes, which
are proportional to this ratio, the more likely the multiphoton
transitions are to occur. Thus, we expect and observe that
ultralow-field (sub-mT) EDMR measurements yield a high
sensitivity to multiphoton transitions.

We utilize an n-channel 4H-SiC MOSFET with a thermal
ONO oxide with thickness 50 nm. These samples have
recently been utilized in SDR measurements [24]; they
have a very large density of interface defects which yield
a large EDMR response. Charge-pumping measurements
[25-27] indicate that the average interface defect density is
2 x 10 cm~2 eV, The gate area is 250 x 20 um?. We
utilize the bipolar amplification effect (BAE) measurement
[28], which is an SDR measurement sensitive to 4H-SiC/SiO,
interface traps with energy levels within the vicinity of the
middle of the 4H-SiC band gap. In BAE, the MOSFET drain
to body contact is forward biased well past the junction built-
in voltage and the gate is biased close to but below inversion
so that the electrons injected from the drain will travel at or
very near to the 4H-SiC/SiO, interface as they proceed to the
source. The body is grounded and the current is monitored
through the source, which is held at virtual ground. Our
experimental apparatus utilizes a custom-built electromagnet
with built in modulation coils situated inside a three-layer
cylindrical p-metal zero-Gauss chamber with outer shield
2.8 m long and 0.6 m in diameter. We utilize a Kepco BOP
20-5D bipolar power supply for magnet power, a Lake Shore
Cryotronics 475 DSP Gaussmeter and Hall probe, a Stanford
Research Systems SR570 preamplifier, a LABVIEW-based
virtual lock-in amplifier, a Marconi/IFR 2026Q rf source fed
into a custom-built resonator with diameter 6.6 mm with
nine turns, a LeCroy LC564A 1 GHz oscilloscope for power
monitoring, and a LABVIEW-based graphical user interface for
magnetic-field modulation, data acquisition, magnetic-field
control, and power leveling. Magnetic-field modulation is
supplied from the computer, amplified by an Insignia stereo
amplifier, and subsequently fed into the built-in modulation
coils. Figure 1 illustrates a diagram of the experimental setup.
For 87.5-MHz measurements, a Doty Scientific 85-MHz,
12-mm-diameter resonator coil was utilized with a 10-W HD
Communications Corp. HD29347 1 — 1025-MHz rf amplifier.
All measurements were performed at room temperature.

Sweeping frequency can result in changes in the rf level
caused by the impedance of the resonator. These changes in
rf level could significantly impact the AC device current de-
tected causing power fluctuations in the device that distort the
EDMR spectrum. This problem is circumvented by utilizing
a proportional-integral-derivative (PID) controller to monitor
the power level utilizing a GHz oscilloscope as mentioned
previously. The PID scheme for power leveling has recently
been introduced by Manning et al. for electrically detected
electron nuclear double-resonance measurements [29]. The
voltage out of the rf source is measured by a GHz oscilloscope
and is fed back to the PID controller so that power-level
changes are corrected.

Figure 2 illustrates the low-field/frequency (87.5-MHz)
cWEDMR and NZFMR [14,15] spectrum for the 4H-SiC
MOSFET sample. Here, we utilize the Doty Scientific res-
onator coil. In this measurement, magnetic-field modulation
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FIG. 1. (a) Schematic illustration of the experimental apparatus; (b) the custom-built resonator.

was utilized. From Fig. 2, the two-photon transition at B ~
6 mT is present. Here, the rf field B; ~ 0.11 mT, which
was measured utilizing a two-turn 12-mm-diameter (matched
with the resonator) sensing coil. Thus, the ratio of B; /By ~
10~2. A half-field “forbidden” Amg = 2 transition is present
in Fig. 2, which involves the dipolar interaction of the un-
paired electron spin to the conduction-level electron (The
half-field transitions can be utilized to count the number of
spins, or paramagnetic defects, in the sample [17,19,20].)
The spectrum in Fig. 2 has side structures in the EDMR

FIG. 2. NZFMR and low-field and -frequency (3 mT/87.5 MHz)
CcWEDMR spectrum for the 4H-SiC transistor. The inset shows the
two-photon transition of the cwEDMR spectrum occurring at 6 mT.

response, which are separated by 1.1 mT. These side peaks
are presumably the result of hydrogen complexed E’ centers
in the MOSFET gate oxide [30-33]. It should be noted that
the defects studied here presumably have spin-spin relaxation
times in the 10s of wus and spin-lattice relaxation times in
the range of 100s of us at room temperature based on recent
literature [34-37].

As anticipated, the multiphoton transitions of the EDMR
spectrum are much more pronounced at ultralow magnetic
fields and rf frequencies. We have made measurements in
the range of 0.2 — 0.5 mT corresponding to rf frequencies
of 5.6 — 14 MHz. Since such low resonant fields are uti-
lized, we have housed the low-field spectrometer inside of
a zero-Gauss chamber. This eliminates stray magnetic fields
caused by the various electronic components utilized and also
eliminates the Earth’s ambient magnetic field (=0.05 mT).
In the ultralow-field and frequency measurements, we utilize
a second custom-built resonator with a 6.6-mm diameter as
illustrated in Fig. 1. The values of B; were again determined
utilizing a diameter-matched 3-turn 6.6-mm sensing coil.
Figure 3 shows representative field-swept EDMR spectra with
the rf frequency held at 8.4 MHz for B; ~ 0.10 mT, B; ~
0.06 mT, and B; ~ 0.03 mT. Here, we utilize frequency
modulation of the rf to eliminate the NZFMR response. It is
clear from Fig. 3 that the n = 2 transition can be observed for
B; ~ 0.10 mT and B; ~ 0.06 mT. Note that signal to noise
of the n = 2 response for B; ~ 0.06 mT limits our measure
of the center crossing of this line. The line is presumably
caused by the two-photon transition evident from the position
of the peak (twice the resonant field). The transition disap-
pears at lower power levels. In Fig. 4, we present fSEDMR
measurements observed at static magnetic fields of 0.2, 0.3,
0.4, and 0.5 mT. In these measurements, the values of the
driving field B; ~ 0.10 mT, B; =~ 0.06 mT, B; ~ 0.03 mT,
B; ~ 0.015 mT. It is clear that with a decrease in By and an
increase in By, peaks appear at vy, = vp/Nn Where vy is the
frequency at which the n = 1 transition occurs (the classical
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FIG. 3. Representative field-swept ultralow-field EDMR utiliz-
ing frequency modulation of the rf. The rf frequency was 8.4 MHz.
Note that the two-photon transition is clearly present at twice the
resonant field for B; ~ 0.06 mT and B; ~ 0.10 mT.

transition). It is quite obvious from this plot that the peaks
occur at divisions of the rf frequency corresponding to integer
n > 1. Table | provides a list of the peak positions and widths
of each transition. This confirms that the observed double-
field resonances in the cw’EDMR measurements are the result
of multiphoton transitions as this result could not be caused

by harmonics. If these transitions were harmonic detection
of the source frequency, one would expect to observe the
fsSEDMR transitions at integer multiples of the resonance
frequency. However, it is clear from Fig. 4 that this does
not occur and we observe transitions at integer divisions of
the rf frequency, consistent with multiphoton transitions [7].
The two-photon transition is a forbidden transition. However,
as recently proposed by Mkhitaryan et al. [13], the observa-
tion of the two-photon transition is a consequence of dipole
coupling of the paramagnetic center with the environment
which can be modeled as “noise.” In EDMR measurements
of organic light-emitting diodes (OLED), the noise amplitude
is controlled by local hyperfine fields [13,38]. In EDMR
measurements of 4H-SiC MOSFETS, hyperfine fields would
also control the level of noise. (It may be worth pointing
out that, in 4H-SiC, the hyperfine fields could be controlled
via isotopic substitution of 2C and 28Si.) Thus, one could
effectively tune the environment with isotopic substitution;
the two-photon transitions could be utilized to study this
effect.

Mkhitaryan et al. predicted that the shape of the two-
photon transition for weak drive (B; < By) should have a
two-peak structure [13]. One can see this result in the two-
photon curve of Fig. 2 at B~ 6 mT corresponding to weak
drive since By /By &~ 10~2. In the fSEDMR spectra of Fig. 4,
the two-photon transitions are single peaks whose linewidths
narrow with increasing drive. This spectral narrowing of the
two-photon line was also predicted by Mkhitaryan et al. [13]
for strong drive; the single-peak profile of the two-photon
transition is sensitive to changes in B; since the profile | (8)
1/(1 + p?6?), where § is a dimensionless quantity which
incorporates the detuning from the two-photon resonance and
B o« B}/Bj is a dimensionless quantity which incorporates
the effect of drive [13]. From Fig. 4 and Table I, the width
of the two-photon curve decreases with increasing By /By but
is only weakly dependent, consistent with the conclusions of
Mkhitaryan et al. [13].

FIG. 4. Frequency-swept ultralow-field EDMR. The amplitudes have been normalized. (a) By set to 0.2 mT, (b) By set to 0.3 mT, (c) By set
to 0.4 mT, and (d) By set to 0.5 mT. It is clear that the multiphoton transitions are dependent on both By and B;. The multiphoton transitions
occur at integer divisions of the rf resonant frequency. The n = 3 transition is observed for B; at 0.10 mT and By at 0.2 mT. The n = 2 transition

is observed for B; > 0.06 mT.
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TABLE 1. Positions f and width w (in units of MHz) of the single- (n = 1), two-(n = 2), and three- (n = 3) photon transition from Fig. 4

for B, > 0.06 mT.

B

B, ’ 0.2mT 0.3mT 0.4mT 0.5mT

~0.10 mT n=1: f=16.3 n=1: f=88 n=1: f=114 n=1: f=14.1
w=4.0 w =43 w=4.2 w =43
n=2: f=3.2 n=2: f=44 n=2f=58 n=2: f=71
w=0.8 w=1.0 w=14 w=15
n=3:f=21
w=04

~0.06 mT n=1:f=6.1 n=1:f =86 n=1f=114 n=1f=141
w=34 w=3.7 w=23.8 w=3.6
n=2:f=30 n=2:f=43 n=2"f=57 n=2f=70
w=09 w=12 w=15 w=1.6

We expect to observe the BSS [10] of the rf frequency,
which occurs for a strong linearly polarized B; when By is
weak. According to Clerjaud and Gelineau, for odd transi-
tions, the shift in frequency caused by the Bloch-Siegert effect
is [4]

2
Av:[(yBl) } p=0, and

4y

2
Av:[%}(ﬂ)‘i‘l)/p(p‘f‘l)’ p=123.. (1)

Here, y is the gyromagnetic ratio for the electron
(28 MHz/mT), n= 2p+1 is the number of photons for
the given transition, and v is the rf frequency. Equation (1)
can provide a first-order estimate of the rf field B, [4,39].
For the n=1, p=0 transition, we calculate B; from the
BSS corresponding to the sensing coil measurement of B; ~
0.10 mT and B; ~ 0.06 mT (at lower By, the shift is on the
order of a few hundredths of a MHz which is below our
detection limit). The results are shown in Table II.

The error between the BSS B; and the B; estimated with
the sensing coil is mainly caused by the error in the frequency
measurement of the center crossing of the spectra (signal-to-
noise limitation) and, to a lesser extent, error of the sensing
coil measurement. The B; values between the two measure-
ments fall within range of one another. We thus conclude
that the BSS extracted B; is in agreement with B; measured
via the sensing coil. We have confirmed the extraction of
BSS B; ~ 0.12 mT via the BSS for the spectrum of Fig. 4
corresponding to By ~ 0.3 mT and B; ~ 0.10 mT measured
via the sensing coil [Fig. 5(b), bottom spectrum]. The utiliza-
tion of BSS for determination of B; has been reported else-
where [8,11,39]. This is an observation of BSS in an EDMR
measurement.

In conclusion, we present ultralow-field fSEDMR and
magnetic-field-swept cwEDMR results that directly mea-
sure multiphoton transitions of the EDMR spectrum of
4H-SiC/SiO; interface defects in 4H-SiC MOSFETS. For the
ultralow-field range explored here (0.2—0.5 mT), a cwEDMR
measurement utilizing conventional magnetic-field modula-
tion would be impossible as a NZFMR response would over-
whelm most, if not all, of the ultralow-field EDMR spectrum.
We are able to circumvent this problem by utilizing fre-
quency modulation of the rf field. We provide representative
cWEDMR spectra as a function of the driving field B; and
show that transitions corresponding to multiphoton absorption
occur at multiples of the rf resonance field. We also utilize
fSEDMR at ultralow magnetic fields to confirm the observed
multiphoton transitions. In the fSEDMR measurements, we
are able to observe transitions up to n = 3 photons (Fig. 4).
In addition, we observe Bloch-Siegert shifting of the EDMR
frequency in our fsSEDMR measurements which we confirm
via direct measurement of B, via Faraday’s law with a sensing
coil. This represents EDMR observation of the multiphoton
transitions in an inorganic semiconductor device. The multi-
photon transitions and Bloch-Siegert effect are both important
for quantum engineering applications, such as spin-based
quantum computation.
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We would also like to thank Stephen J. Moxim for acquiring
data and fruitful discussions regarding the interpretation of
the results. This work at Penn State was supported by the US
Army Research Laboratory. Any opinions, findings, conclu-
sions, or other recommendations expressed herein are those
of the authors and do not necessarily reflect the views of the
US Army Research Laboratory. This work was also supported
by the Air Force Office of Scientific Research under Award
No. FA9550-17-1-0242.

TABLE Il. Bloch-Siegert shift in MHz, B; measured with a sensing coil, and B, extracted from (1) for the spectra of Fig. 4(a).

Approximate BSS Av (MHz)

B, estimated with the sensing coil (mT)

B; measured through the BSS (mT)

0.5 0.10 £ 0.01
0.2 0.06 + 0.01

0.12 + 0.03
0.08 + 0.04
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ABSTRACT

We have developed a new ultra-low field frequency-swept (FS) electrically detected magnetic resonance (EDMR) spectrometer to perform
sensitive EDMR measurements of 4H-silicon carbide (SiC) metal-oxide-semiconductor field-effect transistors at sub-millitesla (mT) mag-
netic fields. The new spectrometer design enables the detection of so-called ultra-strong coupling effects such as multiple-photon transitions
and Bloch-Siegert shifts. In this paper, we present a new spectrometer design and discuss ultra-low field FS-EDMR sensitivity to both multi-
photon transitions and Bloch-Siegert shifts of the FS-EDMR response. FS-EDMR effectively eliminates the interference of the sub-mT
EDMR response from a near-zero field magnetoresistance (NZFMR) phenomenon that pervades the sub-mT regime in a magnetic field-
swept EDMR scheme. We discuss an automatic power leveling scheme, which enables frequency sweeping. We also present results illustrat-
ing the Bloch-Siegert shift of the FS-EDMR response. Finally, we study the two-photon transition line shape in the 4H-SiC transistor as a
function of the static field, in which we observe a collapse of the two-photon linewidth with decreasing static field and compare our results

to the theory of two-photon absorption in EDMR.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0042484

I. INTRODUCTION

Recently, there has been increasing interest in performing elec-
trically detected magnetic resonance (EDMR) measurements at ultra-
low magnetic fields.'”'’ By utilizing multiple fields and frequencies in
EDMR measurements, better separation of hyperfine contributions
and spin-orbit coupling can be achieved.””"" Sub-millitesla (mT)
EDMR measurements have recently been demonstrated both in
organic™ and inorganic systems.'” However, studies of magnetic
field-swept EDMR in the sub-mT regime have been limited presum-
ably because of a near-zero field magnetoresistance (NZFMR) effect
that often overwhelms the sub-mT regime.' ™"

The purpose of this work is to provide a proof-of-concept
demonstration of a new, sensitive sub-mT EDMR technique, which
effectively eliminates interference from the NZFMR effect. This
work extends recent work by our group in studies of ultra-strong
coupling effects in 4H- silicon carbide (SiC) EDMR measure-
ments.'” The technique utilizes a frequency sweep of the rf that
provides the oscillating driving field for resonance with the static
field held constant. Utilizing this setup, NZFMR phenomena are
no longer detected since the observed transitions depend only on

the rf frequency and the applied static magnetic field. The new
ultra-low field frequency-swept (FS) EDMR scheme is sensitive to
multiple-photon transitions and Bloch-Siegert shifts (BSSs)"” in
measurements of 4H-SiC metal-oxide-semiconductor field-effect
transistors (MOSFETs)."?

4H-SiC is a useful material for high power'® and high temper-
ature'” applications because of the wide bandgap (3.26 eV) and fea-
tures a 10x higher breakdown field (2.2 MV/cm) and higher
thermal conductivity (3.7 W/cm K) than silicon (Si)."” SiC is also
becoming progressively more important for quantum engineering
applications.'**

The BSS is an important strong coupling phenomenon that
has applications in B; mapping’’ and quantum engineering.”” Both
multiphoton transitions and BSS have been observed very recently
in EDMR measurements performed on organic light emitting
diodes.*® Recently, Kraus et al. utilized optically detected magnetic
resonance measurements on SiC and achieved detection of
multiple-photon resonances through silicon vacancy defects.”

Recent work has demonstrated elimination of interference
caused by the NZFMR effect in ultra-low field EDMR studies of
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organics by utilization of amplitude modulation of the rf field.*" In a
frequency-swept measurement, the NZFMR response is effectively
eliminated because the NZFMR response is independent of the rf
and also requires a magnetic field sweep, which is responsible for
splitting the electron spin energy levels. The mixing of the electron
spin pair levels as the field is swept gives rise to the NZFMR effect.””
The FS-EDMR scheme enables a single measurement method to
probe sub-mT transitions.

In this work, the line shape of the observed two-photon tran-
sition in the 4H-SiC MOSFET is also studied utilizing recently
developed theory.” In this work, the line shape of the two-photon
transition is studied as a function of the applied static field.

It should be noted that in NZFMR and EDMR measurements,
lock-in amplifier detection is utilized with magnetic field modula-
tion. Thus, the NZFMR and EDMR responses will appear as
approximate derivatives.

Il. ELECTRON PARAMAGNETIC RESONANCE,
ELECTRICALLY DETECTED MAGNETIC RESONANCE,
AND SPIN-DEPENDENT TRANSPORT

A. Introduction

Electrically detected magnetic resonance is based on elec-
tron paramagnetic resonance (EPR). To understand the results
presented, we provide a brief discussion of EPR. Consider a
sample containing point defects with unpaired electron spins
which is placed in a microwave cavity within an electromagnet.
Consider the simplest of cases when the electron is unaffected
by its surroundings. When a large magnetic field By is applied,
the energy of electrons within these defects will be split into
two levels. These levels are determined by the electron’s spin
quantum number, m;, which can have a value of +1/2 and
—1/2. The sample is also subjected to a microwave field of mag-
nitude B;. In the simple case of an unpaired electron otherwise
unaffected by its surroundings, when the microwave frequency
v times Planck’s constant h is equal to the electron energy split-
ting (Zeeman splitting) AE = gupB,, the sample will absorb
microwaves and the unpaired electron spins will “flip.” Here, g,
is the Landé g factor (g, ~ 2.0023) and uj is the Bohr magne-
ton. At resonance, the electron transitions from its +1/2 to
—1/2 spin state (or vice versa). For the simple case of an elec-
tron unperturbed by its local environment, the resonance con-
dition is given by*’~'

hv = gugBy. (1)

Perturbations to the resonance condition (1) provide structural
information about the defects under study. Two of the most impor-
tant perturbations are spin-orbit coupling and electron-nuclear
hyperfine interactions. Spin-orbit coupling changes the Landé g
factor g, to an orientation dependent number often expressed as a
second-rank tensor g. Electron-nuclear hyperfine interactions are
caused by the interaction between the magnetic moment of the
electrons and nearby magnetic nuclei. These two interactions can
be described via a spin Hamiltonian of the form,
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H=uB-g-S+> Li-A;S. 2)

Here, B is the applied magnetic field vector, g is a second-rank
tensor whose parameters depend on the spin-orbit coupling inter-
actions, S is the electron spin angular momentum operator, I; is the
nuclear spin angular momentum operator for the ith nucleus, and
A, is the hyperfine coupling tensor for the ith nucleus. Other per-
turbations exist and are relevant to this study such as dipolar and
exchange interactions.

Conventional EPR has a sensitivity that scales with the field
and frequency of the measurement. At X-band frequencies, the sen-
sitivity is about 10 total defects.”” EPR is also sensitive to every
paramagnetic defect within the sample under study. Since conven-
tional EPR measurement sensitivity depends upon the polarization
of the spin system, ultra-low field measurements with conventional
EPR having extremely low sensitivity. EDMR overcomes these limi-
tations. It has a near field and frequency independent sensitivity
and is only sensitive to electrically active defects. It is also 10x 10°
times more sensitive than EPR.”

B. Spin-dependent recombination

One transport mechanism detected through EDMR is spin-
dependent recombination (SDR). SDR can be understood through
seminal work of Kaplan et al.”” and subsequent work refining their
ideas.”*™*° The following provides a simplified discussion of SDR.
Consider a conduction electron which encounters an unpaired elec-
tron spin residing at a deep level defect. The conduction electron
and trapped electron will couple to form an intermediate spin state.
These spin states can either be singlet states (S = 0) with basis state
So=( TL) =] 11))/v2 with mg = 0 or triplet states (S = 1) with
basis states Ty = | 11), To = (| 11) +| [1))/VZ and T_ = | )
with mg = +1, 0, and —1, respectively. (It should be noted that in
the case of higher spin defects, for instance, a spin 3/2 silicon
vacancy center, quartet states exist, in which the three electron
spins couple.””””) When a magnetic field By is applied, the conduc-
tion level electron transition to the deep level will be forbidden by
Pauli’s exclusion principle since both electrons will have the same
spin quantum number. These triplet states will tend to dissociate
and there will be no subsequent electron-hole recombination
(recombination via triplet states does not conserve spin angular
momentum since S = 1). However, under resonance, spin flipping
events will transform triplet states into singlet states. Now, the con-
duction electron and the electron residing at the deep level defect
have anti-parallel spins. This is now an allowed transition and the
conduction electron will fall into the deep level defect and subse-
quently recombine with a valance band hole (recombination via
singlet states does conserve spin angular momentum since S = 0).
In SDR, the flipping of the trap center spins is generally observed.
This process is illustrated in Fig. 1.

C. Two-photon absorption in electrically detected
magnetic resonance

In the case where EDMR is achieved with a linearly polarized B;
field, only odd numbers of photons may be absorbed.”® Normally,
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FIG. 1. lllustration of SDR: (left) triplet state dissociation and (right) singlet state
recombination.

only the n =1 transitions is observed. However, there is a finite
probability that n = 3,5,7, numbers of photons are absorbed
during the transition. This can be detected by scanning out to n
times the resonant field. The fact that even-n transitions are generally
forbidden can be understood by considering the helicity of the
photons involved. If the B; field is perpendicular to the static field By,
photons with angular momentum J =1 will have m; = +/ — 1.
These photons are denoted as o/, respectively. Consider the
simplified diagram of Fig. 2. During the n = 1 transition (the clas-
sical transition), a single 6 or o~ photon will be absorbed when
the microwave or rf frequency of the B, field matches the Zeeman
splitting of the electron spin states. The n = 3 transition can also
occur at By if three photons are absorbed, each with frequency
v =v; = vy/3, where v; is the third sub-harmonic frequency.
This can occur because, in a linearly polarized B; field, both ot
and o~ photons are present. Thus, as long as the angular momen-
tum difference of the spin transition equals the angular momen-
tum of the combination of photons absorbed, a multiple-photon
transition is possible.

Thus, even n transitions are forbidden. However, even transi-
tions have been observed in EPR measurements.”*”” The even
transitions become possible if some component of the B; and B,
field are parallel because 7 photons become possible. 7 photons
have angular momentum ] =0 and their wave function is
m= (0" +07)/v2”" In a recent paper by Mkhitaryan et al.,”’
the two-photon transition in EDMR measurements at ultra-low
field and frequencies was modeled. The model is based on noise
caused by interactions of the environment with the spin system.
They note that this can be thought of as a time-dependent tilt of
the DC field.”® The authors predicted the two-photon line shape
for a strong drive and weak drive (which depends on the ratio
Bi/By). In the present paper, we will only consider the strong
drive case (weak drive produces a two-peak line shape which
resembles electromagnetically induced transparency).”® The
strong drive case produces a single-peak symmetric line whose
linewidth narrows with the increase of B;/By. The line shape of

the two-photon transition for strong drive [large f oc (B, /Bo)4]
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FIG. 2. Cartoon illustration of single-photon transition with v = v (top) and
three-photon transition with v = v3 = v, /3 (bottom) at constant By. This multi-
photon process is a special case of general multiphoton processes in which a
linearly polarized driving field induces resonances through ot and o~ of the
same frequency. Note that both o+ and o~ photons are absorbed in transitions
corresponding to v, = vo/n. In this case, which is most relevant to this work,
only odd transitions are allowed. It should also be noted that other multiphoton
processes are possible and outlined elsewhere.*

can be modeled using*®

1+ 8 1-5°
I(6) =21f——5—— —|. 3
(3) 75,3(1 Py exp (ﬂ(l n 52)2> 3)

Here, § is a dimensionless parameter describing the detun-
ing from resonance, 7s is the slow relaxation time, and § is a
dimensionless term describing drive. As noted by Mkhitaryan
et al., (3) is an approximation for strong drive.”® Although (3) is
an approximation for strong drive, it is sufficiently accurate to
describe the experimental results in this paper. We utilize (3) to
model the two-photon transition. It should be noted that the
“noise,” which is utilized to estimate the line shapes is dependent
on local hyperfine fields.”
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D. Near-zero field magnetoresistance

Small local hyperfine fields control spin-dependent transport
at near-zero applied fields. A NZFMR effect can appear with
sweeping the quasi-static By field through the zero magnetic field.
The NZFMR response involves the mixing of singlet and triplet
state energy levels and the degeneracy that results in the mixing
depends on local hyperfine fields. NZFMR is often broader than
the EDMR response and the shoulders of the response can extend
well beyond the sub-mT region. A representative NZFMR trace of
the 4H-SiC MOSFET is shown in Fig. 3. The NZFMR response can
be modeled utilizing solutions to the stochastic quantum Liouville
equation and the density matrix.”’

The NZFMR effect has the potential to be a very useful
defect identification tool””"’ and has been utilized for vector
magnetometry for space applications.'” NZFMR does not depend
on the driving field By, making it appealing for a simplified and
robust magnetometer. e

In the case of this work, NZFMR hinders our ability to
measure EDMR at sub-mT magnetic fields. The NZFMR response
overwhelms the sub-mT EDMR measurements in a magnetic
field-swept and magnetic field-modulated scheme because it
extends well through the sub-mT regime, as illustrated in Fig. 3.
Thus, a key benefit to frequency sweeping the B, field is the elimi-
nation of the NZFMR effect. This is achieved because the static
field is held constant. NZFMR relies on a quasi-static and slowly
varying magnetic field.

E. Bloch-Siegert shift

The Bloch-Siegert shift (BSS)"” in our measurements is caused
by the utilization of a linearly polarized driving field B;. The linear

FIG. 3. Representative NZFMR trace illustrating the sub-mT regime.
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polarization of the drive field induces a shift of the resonance toward
higher frequencies."’ In a magnetic field-swept measurement, the
shift would be toward the zero magnetic field.'>** While these
changes are subtle, the high signal-to-noise EDMR of the 4H-SiC
MOSFET interface defects enables a crude extraction of the BSS. As
the driving field B; approaches By, the BSS increases as the square of
B via the first order expression:

B 2
Av = Bur)” 41‘3;) ) (4)

Here, Av is the BSS in MHz, y is the gyromagnetic ratio of the
electron (28 MHz/mT), and v is the resonance frequency in MHz.

lll. EXPERIMENTAL

We utilize n-channel 4H-SiC MOSFETs with thermal ONO
oxide with a thickness of 50 nm and a gate area of 250 x 20 um?.
These samples have a very large EDMR response corresponding to
a large density of interface/near-interface defects.'"'” We utilize
the bipolar amplification effect (BAE) measurement.”’ In BAE, the
MOSFET drain-to-body contact is forward biased well past the
junction built-in voltage such that only near-interface/interface

FIG. 4. EDMR response of the 4H-SiC MOSFET utilizing rf frequency modula-
tion. Note that the two-photon transition (n = 2) emerges for By = 0.10 mT and
disappears for By = 0.03 mT. Adapted with permission from J. P. Ashton and
P. M. Lenahan, Phys. Rev. B 102, 020101(R) (2020). Copyright 2020 American
Physical Society.'?
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defects are detected and the gate is biased close to but below the
inversion. The body is grounded and the current is monitored
through the source, which is held at virtual ground. This measure-
ment is sensitive to defects with energy levels near the middle of

ARTICLE scitation.org/journalljap

the 4H-SiC bandgap. The values of B; were determined utilizing
Faraday’s law of induction and a sense coil in which the resonator
diameter and the sense coil diameter are matched (6.6 mm). All
measurements were performed at room temperature.

FIG. 5. (a) and (b) Schematic illustration of the ultra-low field FS-EDMR apparatus. Reprinted with permission from J. P. Ashton and P. M. Lenahan, Phys. Rev. B 102,
020101(R) (2020). Copyright 2020 American Physical Society.” (c) FS-EDMR circuit diagram. Ry represents the impedance of the AWG, R, represents the resistance of
the load, Z; represents the complex impedance of the By coil loop, R, represents the resistance of the 10x attenuation cable, C; represents the capacitance of the com-
pensation capacitor, R, and C, represent the internal resistance and capacitance of the oscilloscope, respectively. Adapted with the permission from Rev. Sci. Instrum. 90,

123111 (2019). Copyright 2019 AIP Publishing LLC.**
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IV. ULTRA-LOW FIELD FREQUENCY-SWEPT
ELECTRICALLY DETECTED MAGNETIC RESONANCE

A. Elimination of the NZFMR

In a magnetic field-swept EDMR measurement, the B, field is
held constant and the B, field is swept through resonance. This
approach works very well for magnetic fields that are larger than
~1 mT. However, for sub-mT measurements, a magnetic field-
swept scheme utilizing magnetic field modulation would be ineffec-
tive since the EDMR response would likely overlap with the
NZFMR response. Subtraction of the NZFMR"** can also be uti-
lized but requires an additional time-averaged scan with the rf field
turned off. Varying the type of modulation is also an option.
Instead of utilizing conventional magnetic field modulation, AM
and FM of the 1f field can also be utilized.®® In Fig. 4, we utilize
FM of the rf field. In this figure, the two-photon line is apparent
for B; ~ 0.10 mT. FS-EDMR also eliminates interference from the
NZEMR response because in FS-EDMR, By is held constant. Any
observed transitions are caused by the sweeping rf field, which the
NZFMR effect is independent of.

B. Spectrometer design

Figure 5(a) illustrates a diagram of the FS-EDMR apparatus.
Figure 5(b) illustrates a diagram of the resonator. The ultra-low field
FS-EDMR spectrometer utilizes a custom-built 4 in. electromagnet
with three sets of coils for greater field uniformity and built-in mod-
ulation coils. The electromagnet is situated inside a three-layer cylin-
drical p-metal zero-Gauss chamber with outer shield 2.8 m long and
0.6m in diameter. We utilize a Kepco BOP 20-5D bipolar power
supply for magnet power, a Lake Shore Cryotronics 475 DSP
Gaussmeter and Hall probe, a Stanford Research Systems SR570 pre-
amplifier, a LabVIEW-based virtual lock-in amplifier, a Marconi/IFR
2026Q rf source fed into a custom-built resonator with diameter
6.6 mm with nine turns, a LeCroy LC564A 1 GHz oscilloscope for
power monitoring, and a LabVIEW-based graphical user interface
for magnetic field modulation, data acquisition, magnetic field
control, and power leveling. Magnetic field modulation is supplied
from the computer, amplified by an Insignia stereo amplifier, and
subsequently fed into the built-in modulation coils.

ARTICLE scitation.org/journalljap

FIG. 7. FS-EDMR response of the 4H-SiC MOSFET for By = 0.5, 0.4, 0.3,
and 0.2 mT with By =~ 0.10 mT. Adapted with permission from J. P. Ashton and
P. M. Lenahan, Phys. Rev. B 102, 020101(R) (2020). Copyright 2020 American
Physical Society.'”

C. Automatic power leveling

Sweeping rf gives rise to power fluctuations in the EDMR
response of the device caused by changes in the impedance of the
resonator. These power fluctuations can often cause current
changes, which are much larger than the EDMR response and
obscure the resulting data. In order to circumvent this problem, a
software-based proportional-integral-derivative (PID) controller
was implemented to provide feedback to reduce fluctuations in
power. A similar scheme has recently been implemented by
Manning et al. for electrically detected electron-nuclear double res-
onance measurements.”” A basic block diagram depicting the oper-
ation of the PID controller is shown in Fig. 6.

FIG. 6. PID controller implementation for the FS-EDMR
spectrometer. Adapted with the permission from Rev. Sci.
Instrum. 90, 123111 (2019). Copyright 2019 AIP
Publishing LLC."*®
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The PID controls the response of the arbitrary waveform gen-
erator (AWG) by monitoring the difference between the measured
output and a set point, which constitutes an error signal.”> The
PID’s output adjusts to drive the error toward zero. Additional
hardware was also included in order for the PID controller to func-
tion. A 50 Q resistor was added in series with the B; coil to behave
as the load. This is done to match the internal impedance of the
AWG to that of the load. The B; coil has an inductance; however,
its impedance can be neglected at lower frequencies. However, as
the frequency increases, the impedance of the B; coil increases. In
order to provide the PID controller with the measured output, a
LeCroy LC564A 1 GHz oscilloscope is placed in parallel to the
50 Q resistor and B; coil via a high impedance 10X attenuation
cable. The circuit diagram of the PID controlled FS-EDMR spec-
trometer is shown in Fig. 5(c).

The AWG requires a constant 50 Q load to maintain accurate
voltage measurement across the load. Due to the internal 50 Q source
impedance of the AWG, half the voltage will drop over its internal
impedance and the other half will drop over the load. The ratio of
the load voltage drop to the output of the AWG, ﬁ = 1/2, when

the source impedance is perfectly matched to that of the load. Any
impedance mismatch reflects a portion of the power to the
source.">"” The PID controller compares the load voltage to the user-
defined set voltage. Differences between the measured output and the
set point during the frequency sweep causes a growth in the magni-
tude of the error signal. The impedance of the B; coil depends on fre-
quency. The voltage output of the AWG depends on the difference
between the desired value and the measured value. As frequency is

FIG. 8. BSS of the FS-EDMR response for By = 0.1 mT with By ranging from
~0.02 to 0.10mT. B; was measured in the data points with a sense coil and
Faraday's law of induction. The solid red curve is a plot of the BSS from the
first order calculation of (4).
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swept, the power absorbed changes due to the varying impedance of
the resonator and other parasitic effects. The PID updates the AWG
output to eliminate the effect of any measured changes and drives the
error signal down to zero. This causes the AWG output to converge
around the set point.*

D. FS-EDMR results

We performed FS-EDMR at sub-mT fields of 0.2, 0.3, 0.4, and
0.5mT. The results are shown in Fig. 7. Here, B; ~ 0.10 mT was
measured utilizing Faraday’s law of induction and a sense coil.
From Fig. 7, it is clear that the two-photon transition occurs at
vo/2, where vy = g.u5By is the frequency corresponding to single-
photon resonance (the classical transition).

In a recent paper by our group,'* the two-photon transition
was studied for various values of B; and By, and it was determined
that the observed multiphoton transitions were a strong function of
B /By as expected by the theory.”® In this work, the BSS was also
observed."” In Fig. 8, the BSS is reported from FS-EDMR measure-
ments in which By = 0.1mT and B; ranging from ~0.02 to
0.10 mT. The values of B; here were measured utilizing the sensing
coil and are plotted with the observed BSS. The red curve is plotted

FIG. 9. Color map illustrating the FS-EDMR data with By = 0.1 mT with By
ranging from a2 0.015 to 0.10 mT. The color bar indicates the normalized ampli-
tude of the derivative FS-EDMR data. Again, By was measured in the data
points with a sense coil and Faraday’s law of induction. The dashed curve is a
plot of the BSS from the first order calculation of (4).
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from (4) utilizing the measured values of B;. It is clear that the B,
predicted from the BSS and that measured through the sensing coil
scheme are in close agreement. Figure 9 illustrates a color map of
FS-EDMR data taken with B; ranging from ~0.015 to 0.10 mT.
The dotted line is the first order calculation of (4). The results from
Figs. 8 and 9 demonstrate very strong evidence of our observations
of the BSS.

FIG. 11. FS-EDMR response of the 4H-SiC MOSFET for By = 0.1 mT (bottom
dashed blue data) and By = 2.5mT (top solid red data) with By ~ 0.015mT.
The dashed vertical lines indicate the peak-to-peak linewidth of the
By =0.1mT data (~2MHz). The By =2.5mT data are much broader
(~4.5MHz).

In Fig. 10, the two-photon line is plotted as a function of foc
(g—(‘])4 from (3). Utilizing (3), we calculate the two-photon reso-
nance line and compare the line shape to the experimental two-
photon line shape. Note that with increasing drive (which is
ocB;/By), there is a narrowing of the two-photon resonance in
both the experimental FS-EDMR data and data predicted from (3).
Here, 75 was set to 100 us as the defects involved in this work have
spin lattice relaxation lifetimes of order 100 us.”"~****

Finally, we report on limited results illustrating a broadening
with the field and frequency of the FS-EDMR measurement. The
results are shown in Fig. 11. The broadening observed is likely
caused by effects of hyperfine-induced relaxation, which alters the
spin-lattice relaxation time T; and the spin-spin relaxation times
T,. This effect has been described theoretically by Fedin et al."” In
their analysis, a Redfield”” relaxation framework was utilized. They
show that, in the frequency domain, one would observe a narrow-
ing of the EPR response at magnetic fields B, approaching the
hyperfine coupling A. These results suggest such an effect is occur-
ring. However, more data must be collected to confirm.

V. CONCLUSIONS

This work demonstrates a new apparatus for sensitive
frequency-swept electrically detected magnetic resonance measure-
ments in sub-mT magnetic fields. At sub-mT magnetic fields,

FIG. 10. (a) Two-photon line of the FS-EDMR response of the 4H-SiC ultra?strong coupling‘ ,effeCtS such as Bloch-Siegert S}_’iﬁs and
MOSFET for By = 0.5, 0.4, 0.3, and 0.2mT with B; ~ 0.10mT and (b) theo- multiple-photon transitions become detectable. The work illustrates
several advantages offered by the new apparatus. FS-EDMR effec-
tively eliminates the NZFMR effect, which overwhelms the sub-mT
regime in magnetic field-swept EDMR measurements at low fields.

retical two-photon line shape (3) as a function of 8 oc (%;)4. Here, zg in (3) is
set to 100 us.
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We compare the new FS-EDMR scheme to the magnetic field-swept
EDMR in which FM modulation is implemented. In a frequency-
swept measurement, the static field is held constant and multiphoton
transitions occur at sub-harmonics. In a magnetic field-swept mea-
surement, the B; frequency is held constant and multiphoton transi-
tions occur at integer multiples of the resonance field.

We also compare our two-photon line shape to theory” and
observe a narrowing of the two-photon line with the decreasing
static field, consistent with the theory of two-photon absorption
in EDMR measurements.”” We illustrate the Bloch-Siegert shift
with the static field By held at ~0.1 mT. The observation of both
multiphoton transitions and the Bloch-Siegert shift in EDMR
measurements of a 4H-SiC device at room temperature have
utility in spintronics and quantum engineering applications as
long coherence times of spin pairs may be inferred. Finally,
limited results showing a field- and frequency-dependent broad-
ening presumably involving hyperfine are reported. FS-EDMR
measurements at sub-mT fields may also be applied to studies of
other ultra-strong coupling effects in EDMR measurements such
as the spin-Dicke effect."’
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