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EPR

* The most powerful analytical tool for the study of
point defects in semiconductors (and insulators)
is Electron Paramagnetic Resonance (EPR)

* Electrically Detected Magnetic Resonance
(EDMR) has the analytical power of EPR plus
enormously enhanced sensitivity and the
capability for exclusive sensitivity to defects
directly involved in the electronic behavior in
semiconductor devices



EPR: Isolated (free) Electron

An unpaired electron at a

5 I g py  PAaramagnetic site in a device:
ia
In relatively simple cases this expression 1s
modified:
Magnetic Field H g tensor: g, becomes a tensor: g, altered by
spin orbit coupling
Examples
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Spin Orbit Coupling: g tensor
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The greater the nuclear
charge and orbital angular
momentum quantum
number, the greater the spin
orbit coupling.

The g tensor deviates
from the free electron
value because of spin
orbit coupling.



Electron-Nuclear Hyperfine Interactions

Interactions with (isotropic) s-orbital electrons and
interactions with p-orbital electrons
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Electrically Detected Magnetic
Resonance (EDMR)

Conventional EPR has a sensitivity of about 1019 total paramagnetic defects
It 1s also sensitive to ALL paramagnetic defects in a sample

1. We want to identify defects in transistors
2. We want to know what different defects do to device performance

A main problem for electronic materials science is performing resonance inside
fully processed transistors in integrated circuits

EDMR provides sensitivity about 7 orders of magnitude higher than
conventional EPR

Solution: EDMR, spin dependent recombination (SDR),
and a new approach spin dependent charge pumping (SDCP)




Electrically Detected Magnetic

Resonance (EDMR)

Spin Dependent Recombination (SDR)
Shockley-Read-Hall Model

Electron Hole
Capture Capture
? E.= Conduction Band Edge
. . —  E, = Defect Level

E, = Valence Band Edge



Electrically Detected Magnetic

Resonance (EDMR)
Spin Dependent Recombination (SDR)

Pauli Exclusion Principle

Large Magnetic Fie> Under(R‘esoTa l::ce Co;dition
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This is a forbidden transition This is an allowed transition




EDMR Schemes for MOSFETs

a) DCIV
b) Spin-Dependent Charge Pumping
c) Bipolar Amplification Effect

(a)

L
o @
(nJ ()

(b) ® (c)




DC-1V/Gate-Controlled Diode Measurement

Recombination Current
A via Interface Defects

1 qV,
Al g =—Agzqn,ov,D,qV, exp( = )
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Sensitive to interface defects within ~(q|Vg|)
V. controls the recombination energy window
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Bipolar Amplification Effect (BAL)

The method (i) greatly
amplifies the spin
dependent fraction of
the investigated
transistor current and
(ii) concentrates the
sensitivity to exclusively
the semiconductor-
iInsulator interface.
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SDCP vs SDR (DCIV/BAE)

SDCP

B. C. Bittel et al. Appl.
Phys. Lett., vol. 99, p

T. Aichinger and P. M. Lenahan,
Appl. Phys. Lett., vol. 101, 2012.
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SiO, SiC SiO, SiC

Large improvement in sensitivity over BAE
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Charge Pumping Basics
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J. S. Jespers and P. G. A. Brugler, IEEE Trans. Electron Dev., vol. 16, 1969.
G. Groeseneken et al., IEEE Trans. Electron Dev., vol. 31, 1984. 13



High sensitivity and access to nearly the
whole band gap

 SDCP’s higher sensitivity and near full
band gap access allows us to:
* rule out the presence of some
defects
» explore very nearly the entire band

gap



EDMR Amplitude (pA)

BAE and SDCP: NO/no NO from
“Better” 4H-SiC nMOSFETs
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Near Interface Trap: Vg

Using the natural abundances of 2°Si (4.7%) and 13C
(1.1%) standard first order perturbation theory, yield
this spectrum with Blic .

Si: A, = 2.96 G for V(1) and V,; (Il)
C:V, (1):A,=27.35G, A, =A=10.1G
C: Vi (I1): A, =28.36 G, A, =A,=11.1G
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R =#of NN Si** atoms,r =#of NN Si* atoms, P = probability of Si*
S =#of NN C" atoms, s =#of NN C" atoms, P» = probability of c”

P(r Si¥ AND s C") = (R ) P (= p )" (S) P’ A=pa)™
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T. Wimbauer, et. al, Phys. Rev. B. 56, 7384 (1997)
N. Mizuochi, et. al, Phys. Rev. B. 66, 235202 (2002)
J. Isoya, et. al, Phys. Stat. Sol. (b) 245, No. 7, 1298-1314 (2008)
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Near Interface Trap:
V" Theory vs. Experiment

Theory Experiment
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What else is going on at the 4H-
SiC/Si0, intertace?

Even after the elimination of most of the Vg, the
effective channel mobilities remain mediocre

Could EDMR measurements provide additional
insight?



Plausibility Argument for
Disorder

Perfect crystal Disordered Crystal

Absorption

Absorption

A comparison of EDMR measurements at high and very
low frequencies could be a probe of disorder in a highly
defective crystalline environment



Plausibility Argument for

o
Disorder
h 1 1
AB = o\ ar v ABlg =v[Aglh/AulB
B \Yperp |l ABlg =vxAg*constant
le >

A i /\ EPR Derivative

e If line width is

dominated by g,
* > the line width will
i / MagneticField B he proportional to
Byery = 5o frequency.




SDR Response (arb. units)
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Algp (arb. units)

Alp (arb. units)
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Summary Multi frequency EDMR
A NO 1.8 2.2

YES 2.3 5.6
C YES 2.0 5.3
E YES 2.5 4.8

* N creates disorder at interface

* Disorder may limit MOSFET performance

» Consistent with anisotropic strain due to N reported
by Dycus et al.

J. H. Dycus et al., Appl. Phys. Lett., vol. 108, 201607 (2016) 23



BAE vs SDCP — NO anneals

NO anneal

no NO anneal

SDCP

100 kHz
BAE

SDCP
600 kHz

EDMR Response (arb. units)
SDCP Amplitude (arb. units)
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 no NO: BAE and SDCP same — same defect detected
« NO: BAE and SDCP different — N changes Vg, energy

levels
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High/Low Frequency EDMR
Comparison (no NO anneal)
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Nitrogen Implant Signal (in
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4H-SiC MOSFET: Searching for dangling

bonds
Cdbs: nI\/IOSFET—no NO nMOSFET NO
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EDMR Defect Density: Half Field
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 Half field physics pointed out by Slichter and others.
« Power of the technique demonstrated by Eaton et al.

Slichter, Principles of Magnetic Resonance, Eaton et al. J. AM.
Chem. Soc. 105 6460 (1983) 28



EDMR Defect Density: Half Field

The magnetic dipole-dipole interaction:

3(8,-7)(85-r)

7]

2

Mo (8HB)

— S-S, —
N

H d

mixes these energy levels and weakly allows
for a forbidden half field transition.

From second order perturbation theory:

'70) ,

Where:

<nl [Hip|0>= (gulF )12 /r13



EDMR Defect Density: Half Field

The mixing is about:

[<nT [Hip[0>/Ein— Einl |= [(gudB)T2 /13 |1/
gudB HIO =[gulF /rT3 |1/HI0

or:
gudB /r13 1/HI0 = Hllocal /HI0

So, the lower the resonance field the greater the
mixing. The strength of the no longer strictly
forbidden transition is, from Fermi’s golden rule:

Wia—=b=2rn/M [<a[F|b>]|T2 O6(Ela—Flb—-hw)



Half-Field EDMR Response in GE
Lateral pMOSFET
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Conclusions

« EDMR, especially in the form of SDCP, is a
powerful tool for the exploration of
heterointerfaces such as that of SiC/SiO,

* The introduction of N in device processing can
greatly reduce the density of silicon vacancy
centers, but apparently introduces disorder
and changes in defect energy levels

* The SIC/SiO, interface is fundamentally
different and much more complex than the Si/

SiO, interface



