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(57) ABSTRACT 

Methods and systems are disclosed for sensing an environ­
ment electric field. In one exemplary implementation, a 
method includes disposing a sensor in the environment, 
wherein the sensor comprising a crystalline lattice and at 
least one optically-active defect in the crystalline lattice; 
pre-exciting the crystalline lattice to prepare at least one 
defect in a first charge state using a first optical beam at a 
first optical wavelength; converting at least one defect from 
the first charge state to a second charge state using a second 
optical beam at a second optical wavelength; monitoring a 
characteristics of photoluminescence emitted from the 
defect during or after the conversion of the at least one 
defect from the first charge state to the second charge state; 
and determining a characteristics of the electric field in the 
environment according to the monitored characteristics of 
the photoluminescence. 
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ELECTROMETRY BY OPTICAL CHARGE 
CONVERSION OF DEFECTS IN THE 

SOLID-STATE 

CROSS-REFERENCE 

[0001] This application claims priority to the U.S. Provi­
sional Patent Application No. 62/630,503, filed on Feb. 14, 
2018, and titled "Electrometry by Optical Charge Conver­
sion of Defects in the Solid-State", which is incorporated 
herein by reference in its entirety. 

GOVERNMENT LICENSE RIGHTS 

[0002] This invention was made with govermnent support 
under grant number W911NF-15-2-0058 awarded by the 
Army Research Laboratory, and grant number 1641099 
awarded by the National Science Foundation. The govern­
ment has certain rights in the invention. 

BACKGROUND 

[0003] Detection of electric charges and sensing of electric 
fields are critical to applications including but not limited to 
metrology, electrical potential mapping, and characteriza­
tion of electronic, optoelectronic or electromechanical 
devices. Traditional electrometry may be based on, for 
example, direct sensing of electric forces, electro-optic Kerr 
effects, or using electron spin systems prepared and excited 
by electromagnetic waves in the optical, radio-wave or 
microwave frequency regime. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0004] The system and method may be better understood 
with reference to the following drawings and description. 
Non-limiting and non-exhaustive embodiments are 
described with reference to the following drawings. The 
components in the drawings are not necessarily to scale, 
emphasis instead being placed upon illustrating the prin­
ciples of the invention. 
[0005] FIG. 1 illustrates an exemplary electrometry sys­
tem for sensing and detecting an environmental electric 
field. 
[0006] FIG. 2 illustrates an exemplary sensor based on 
deep defects in semiconductors. 
[0007] FIG. 3 illustrates an exemplary optical configura­
tion for the electrometry system of FIG. 1. 
[0008] FIGS. 4a-4b illustrate transient photoluminescence 
measurements under the optical configuration of FIG. 3. 
[0009] FIG. 5 illustrates another exemplary optical con­
figuration for the electrometry system of FIG. 1. 
[0010] FIG. 6 illustrates another exemplary optical con­
figuration for the electrometry system of FIG. 1. 
[0011] FIG. 7 shows a logic flow for sensing an environ­
mental electric field using the electrometry system of FIG. 
1. 
[0012] FIG. 8 shows another logic flow for sensing an 
environmental electric field using the electrometry system of 
FIG. 1. 
[0013] FIG. 9 illustrates an exemplary electrometry sys­
tem for sensing and detecting an environmental electric field 
based on a heterodyne detection configuration. 
[0014] FIG. 10 illustrates exemplary electrometry sensor 
configurations for use in heterodyne detection. 
[0015] FIG. 11 illustrates exemplary heterodyne detection 
response at a beat frequency. 
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[0016] FIG. 12 shows a logic flow for sensing an envi­
ronmental electric field using the electrometry system of 
FIG. 9. 
[0017] FIGS. 13a-13d illustrate experimental configura­
tion and measured characteristics of an electrometry sensor 
based on deep defects in a semiconductor. 
[0018] FIGS. 14a-14c show other measured characteris­
tics of an electrometry sensor based on deep defects in a 
semiconductor. 
[0019] FIGS. 15a-15b show further measured character­
istics of an electrometry sensor based on deep defects in a 
semiconductor. 
[0020] FIGS. l6a-l6d show an exemplary application of 
the electrometry system of FIG. 1 for measuring piezo 
electric field in a surface acoustic wave device. 
[0021] FIGS. 17a and 17b show a comparison of exem­
plary measurement results between electrometry sensing 
configuration of FIG. 1 and heterodyne electrometry sensing 
configuration of FIG. 9. 
[0022] FIGS. 18a and 18b show comparison of exemplary 
heterodyne detection results between parallel and orthogo­
nal reference electric field and electric field being sensed. 
[0023] FIGS. l9a-l9d show exemplary coherent hetero­
dyne detection results. 

SUMMARY 

[0024] This disclosure is directed to systems and methods 
for sensing environment electric fields using optical excita­
tion and monitoring. For example, an electrometry sensor is 
used in the disclosed systems and methods. The operation of 
the electrometry sensor is based on optical control of defect 
charge states in solid state host. The defect charge states may 
be optically monitored by detecting their photolumines­
cence. The optical control of the defect charge state may be 
affected by the presence of the environmental electric field. 
Such effect may be monitored by analyzing the photolumi­
nescence detected from the defect charge states. As a result, 
characteristics of the environmental electric field may be 
determined. 
[0025] In one implementation, a method for sensing an 
electric field in an environment is disclosed. The method 
includes pre-exciting a sensor comprising a crystalline lat­
tice and at least one defect in the crystalline lattice to prepare 
the at least one defect in a first charge state using a first 
optical beam at a first optical wavelength; converting the at 
least one detect from the first charge state to a second charge 
state, using a second optical beam at a second optical 
wavelength, wherein photoluminescence associated with the 
first charge state being different from the second charge 
state; monitoring one or more characteristics of a photolu­
minescence emitted during or after the conversion of the at 
least one defect from the first charge state to the second 
charge state; and determining one or more characteristics of 
the electric field in the environment according to the one or 
more monitored characteristics of the photoluminescence. 
[0026] In another implementation, a system for sensing 
electric field is disclosed. The system includes a sensor 
comprising a crystalline lattice having at least one defect; a 
first optical source emitting a first optical beam at a first 
optical wavelength; a second optical source emitting a 
second optical beam at a second optical wavelength; an 
optical detector for monitoring a photoluminescence from 
the sensor when the sensor is excited by the first optical 
beam and the second optical beam; a database; and a 
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processor. The processor is configured to extract a first set of 
parameters from the photoluminescence; obtain a second set 
of predetermined parameters from a reference photolumi­
nescence measured by the sensor and stored in the database; 
obtain a difference between the first set of parameters and 
the second set of predetermined parameters; and determine 
an environmental electric field of the sensor according to the 
difference. 

[0027] In yet another implementation, another system for 
electrometry sensing is disclosed. The system includes a 
sensor comprising a crystalline lattice having at least one 
defect and a pair of electrodes for applying a reference 
electric field; a first optical source emitting a first optical 
beam at a first optical wavelength; a second optical source 
emitting a second optical beam at a second optical wave­
length; an optical detector for generating a electric signal by 
collecting a photoluminescence from the sensor when the 
sensor is excited by the first optical beam and the second 
optical beam in presence of the environmental electric field 
and the reference electric field; and a circuitry. The circuitry 
is configured to filter the first signal to obtain a signal 
component at a beat frequency between the environmental 
electric field and the reference electric field; and extract the 
characteristics of the environmental electric field based on 
the signal component and characteristics of the reference 
electric field. 

DETAILED DESCRIPTION 

[0028] Embodiments of the invention and the var10us 
features and advantageous details thereof are explained 
more fully with reference to the non-limiting embodiments 
that are illustrated in the accompanying drawings and 
detailed in the following description. Descriptions of well­
known starting materials, processing techniques, measure­
ments techniques, components and equipment are omitted, 
so as not to unnecessarily obscure the embodiments of the 
invention in detail. It should be understood, however, that 
the detailed description and the specific examples, while 
indicating preferred embodiments of the invention, are given 
by way of illustration only and not by way of limitation. 
Various substitutions, modifications, additions and/or rear­
rangements within the spirit and/or scope of the underlying 
inventive concept will become apparent to one of ordinary 
skill in the art from this disclosure. 

[0029] By way of introduction, the presence of electric 
charges or electric fields (herein referred generally as elec­
tric fields) in an environment may be determined and/or 
quantified. An electrometer may be used to measure such an 
electric field. Such an electrometer may include a sensor that 
determines the electric field by, e.g., electrically measuring 
a resulting electromagnetic force or measuring other param­
eters of the sensor as modified by the electric field, e.g., 
electron spin state parameters affected by the electric field 
via spin-electric coupling when the sensor includes electron 
spins. In some electrometers, the sensor may be configured 
by an external excitation or stimulation (herein referred 
generally as excitation) into a particular state before a 
measurement and determination of the environmental elec­
tric field can be performed. Such excitation may be intro­
duced electromagnetically via, e.g., a local radio-wave or 
microwave frequency electromagnetic wave for exciting 
electron spin states in an electrometry sensor containing 
electron spins as the sensing elements. 
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[0030] In this disclosure, an electrometry sensor based on 
charge states of defects in solid-state materials, such as 
semiconductors, is disclosed. The sensor may be used to 
detect environmental electric field of a wide frequency 
range. The sensor may further be used to detect an environ­
mental electric field exclusively using optical excitations 
and emitted photoluminescence. The optical excitation may 
be configured as either pulsed excitation or continuous-wave 
(CW) excitation. Exclusively using only optical excitation is 
advantageous because the optical beams may provide better 
penetration through substrates than radio-wave or micro­
wave frequency electromagnetic waves (used, e.g., for elec­
tron spin excitation in electron spin based sensors), and thus 
may facilitate detecting local electric fields deep into a bulky 
sample. Further, all-optical excitation may avoid the require­
ment of including electrodes on the electrometry sensor for 
introducing external signals, e.g. radio-wave or microwave 
frequency electromagnetic wave excitation sources. Optical 
beams used for such excitation may be conveniently 
manipulated in free space and/or guided in optical fibers. 
The optical signals produced by such a sensor may be guided 
and detected remotely, offering improved adaptability of 
such an electrometry sensor. 

[0031] The electrometry sensor based on charge states of 
defects in solid-state materials may be fabricated as an 
external/standalone/portable sensor that may be placed into 
an environment for sensing the presence and strength/ 
frequency of electric fields. For example, the electrometry 
sensor may be placed in a scanning probe to measure fringe 
electric field from an electronic device. The electrometry 
sensor may be fabricated using diamond substrate for high­
temperature tolerance and adapted to sense electric field in 
plasmas. It may be designed based on silicon carbide and 
other bio-compatible materials and used in bio-sensing. The 
electrometry sensor may further be designed and used as 
internal and embedded electric field sensing and monitoring 
elements in active semiconductor devices. Its functioning in 
a semiconductor device may be monitored as indication of 
existence of defect states and be used in material quality 
control in development of electronic devices. It may be used 
for detecting electric field for characterization of high fre­
quency devices, such as Micro-Electro-Mechanical Systems 
(e.g., microwave filter devices). For another example, such 
electrometry sensor may be adapted into acoustic wave 
devices (such as acoustic wave filters) for their character­
ization. For different applications, suitable host materials 
and defects may be chosen. 

[0032] FIG. 1 illustrates an exemplary electrometry sys­
tem 100 for detecting an environmental electric field 101 
(herein also referred to as the electric field). The environ­
mental electric field 101 may be, for example, an electro­
magnetic wave of a particular frequency. In the implemen­
tation of FIG. 1, the electrometry system 100 may include an 
electrometry sensor (herein also referred as sensor) 102 
disposed or already present in an environment having the 
electric field 101, a first optical source 104, a second optical 
source 106, a photoluminescence (PL) excitation optical 
source 112, and a photodetector 118 for detecting a PL 117 
emitted from the sensor 102. While the implementation in 
FIG. 1 is illustrated in the context of using the electrometry 
sensor 102 to measure external environmental electric filed, 
the sensor 102 may be a built-in part of a host material or 
device and the system illustrated in FIG. 1 may be used to 
measure internal electric field inside the host material and 
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local to the built-in sensor. In addition, depending on the 
configuration and composition within the sensor 102 (type 
of defects and defect states), a single source or two sources 
among the first optical source 104, the second optical source 
106, and the PL excitation optical source may be included 
(for achieving, charge conversion and PL excitation 
described below). For some other implementation of the 
sensor 102, more than three optical sources may be config­
ured to achieve charge conversion and PL excitation. 
[0033] The first optical source 104 and second optical 
source 106 may be arc lamps, light emitting diodes or laser 
sources and may operate in either a pulsed mode or a CW 
mode. The first optical source 104 and second optical source 
106 may produce a first optical beam 109 and second optical 
beam 111. The optical beams 109 and 111 may further be 
processed by optics 108 and 110, respectively. Alternatively, 
optics 108 and 110 may be a single group rather than 
separate groups of optical elements. Optical beams 109 and 
111 may propagate in free space, optical fibers, or a com­
bination of free space and optical fibers. The optics 108 and 
110 may include lenses, polarizers, and/or any other suitable 
free space or fiber optical elements. 
[0034] The optical beams 109 and 111, after manipulation 
by the optics 108 and 110, respectively, may be directed to 
the sensor 102. The first optical beam 109 may be used to 
prepare the sensor into a first charge state. The second 
optical beam 111 may perform optical pumping that converts 
the sensor from the first charge state to a second charge state. 
In one implementation, the first charge state is optically 
bright and the second charge state is optically dark. In other 
words, when the sensor is in the first charge state, a 
photoluminescence (PL) may be induced whereas when the 
sensor is in the second charge state, a PL may not be 
induced. The preparation of the first charge state and the 
optical conversion to the second charge state may be 
achieved using any other optical configurations. The PL 117 
may be induced for the first charge state by further excitation 
by the second optical beam 111. Alternatively, the PL for the 
first charge state may be induced using a separate PL 
excitation optical beam 115 from a PL excitation optical 
source 112. The PL excitation optical source, for example, 
may be a laser source. The PL excitation optical beam 115 
may be further processed by optics 114 before being directed 
to excite the sensor 102 for inducing PL from the first charge 
state. 
[0035] A charge conversion rate from the first charge state 
to the second charge state by the second optical beam 111 
may be a function the environmental electric field 101. As 
such, the probability that the sensor remains in the optically 
bright first charge state may depend on the environmental 
electric field 101 during or after the charge conversion by the 
second optical beam 111. As a result, the characteristics of 
PL emission from the optically bright first charge state 
depend on the environmental electric field 101. These PL 
characteristics may include but are not limited to, for 
example, the intensity of the PL emission and the transient 
dynamics of the PL emission. Such dependence may be used 
for detection and quantification of the environmental electric 
field 101. 
[0036] The first optical beam 109, the second optical beam 
111, and the PL excitation optical beam 115 may be adjusted 
respective to particular optical wavelengths, A1 , A2 , and A', 
as illustrated in FIG. 1. In one implementation, the first 
optical beam 109 may be adjusted to a wavelength A1 , 
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shorter than the wavelength A2 of the second optical beam 
111. The PL emission induced from the first charge state 
(bright state) may be at a particular wavelength A3 • Wave­
length A3 may be different from A1 , A2 , and A'. In one 
implementation, A3 may be longer than A2 of the second 
optical beam 111. In one implementation, the first optical 
wavelength A1 may be in a wavelength range of 200 and 430 
nanometers. In another implementation, the second optical 
wavelength A2 may be in a wavelength range of 700 and 
1100 nanometers. 
[0037] As shown in FIG. 1, the PL 117 emitting from the 
sensor may be collected/guided by optics 116 and detected 
by the PL detector 118. The PL detector 118, for example, 
may comprise a photo detector, such as a photodiode, a 
photomultiplier tube, or other optical detectors. The detected 
electric signal by the PL detector 118 as a result of the PL 
emission 117 may be digitized and communicated to a 
processor 120 for further processing. The processor 120 may 
be in communication with a database 122. The database may 
contain reference PL characteristics of reference PL from the 
sensor 102 pre-measured under presence of any environ­
mental electrical field. The processor 120 may be respon­
sible for determining and quantifying the environmental 
electric field 101 based on the measured PL characteristics 
from the sensor 102 under the influence of the environmen­
tal electric field 101 and the reference PL characteristics 
obtained from the database 122. 
[0038] FIG. 2 shows an exemplary semiconductor struc­
ture 200 that may be used as the electrometry sensor 102. In 
FIG. 2, the sensor 102 may include a 3C, 4H or 6H silicon 
carbide lattices (3C-SiC, 4H-SiC, or 6H-SiC) 202. The 
silicon carbide lattices 202 may further include one or more 
defects 204. The defects may be divacancies (VV) or silicon 
vacancies (Vs,). The vacancies may be produced by carbon 
implantation into the silicon carbide lattices 202 followed by 
thermal annealing. The carbon implantation, for example 
may be carried out in an exemplary implantation energy of 
100 to 250 keV, resulting in a carbon dosage in a range of, 
for example, 1011 and 1013 ion cm-2

. The thermal annealing 
following the carbon implantation may be carried out at a 
temperature in a range of 600° C. and 1200° C. The thermal 
annealing may be performed for various durations. For 
example, the carbon implanted silicon carbide lattices may 
be annealed for 1 hour, 2 hours, 3 hours, 4 hours, and other 
durations. The vacancies illustrated in the silicon carbide 
lattices of FIG. 2 may provide the optically bright first 
charge state and the optically dark second charge state. The 
structure of FIG. 2 may further provide charge conversion 
rate that depends on the presence, magnitude, orientation 
and/or frequency of the environmental electric field. The 
term "defect" is used interchangeably with the term "impu­
rity". 

[0039] Other material system providing similar charge 
states and charge conversion characteristics may also be 
used as the electrometry sensor 102. These exemplary 
material systems include but are not limited to Lithium 
niobate (LiNbO3, having a bandgap -4 eV), quartz (having 
a bandgap >6 e V), aluminum nitride (AlN, having a bandgap 
of -6 eV), gallium arsenide (GaAs, having a bandgap -1.4 
eV), and diamond (having a bandgap -5 eV). 
[0040] FIG. 3 shows one exemplary timing configuration 
300 of the first optical beam 109, the second optical beam 
111, and the PL excitation optical beam 115. In the imple­
mentation of FIG. 3, the first optical beam 109 is configured 
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in optical pulse 302 for preparing the sensor 102 into the 
optically bright first charge state. Following the optical pulse 
302 in time with a small delay i'l1 306, the second optical 
beam 111 is configured in optical pulse 304 for inducing a 
charge conversion between the optically bright first charge 
state to the optically dark second charge state of the sensor 
102. The amount of charge conversion by the optical pulse 
304 may depend on the environmental electric field 101. The 
delay i'l1 306 may be made as small as possible as long as 
there is preferably insignificant time overlap between the 
optical pulse 302 and the optical pulse 304 such that the 
sensor is sufficiently prepared into the optically bright first 
charge state before the charge conversion by the pulse 304 
is initiated. In one implementation, the optical pulse 304 
may further induce PL emission from the sensor 102. In an 
alternative implementation, a separate PL excitation optical 
pulse 308 from the PL excitation optical source (112 of FIG. 
1) with wavelength A' may be used for inducing PL emission 
from the sensor 102. The PL excitation optical pulse 308 
may overlap with the optical pulse 304 in time or may be 
slight delayed 310 by, e.g., ll2 . 

[0041] FIGS. 4a and 4b illustrate measurements and 
analysis that may be performed for detecting the environ­
mental electric field 101 using the optical configuration of 
FIG. 3 in conjunction with the system configuration of FIG. 
1. In particular, FIG. 4a illustrates a transient PL 404 from 
the sensor 102 following the pulse 304 (alternatively pulses 
304 and 308) as a function of time 402 following the PL 
excitation pulse by either the second optical beam (304 of 
FIG. 3) or the PL excitation optical beam (308 of FIG. 3), 
when the environment electric field is present. The decay 
dynamics for the PL emission is shown by the curve 406. 
The curve may be fit by the processor 120 of FIG. 1 to, for 
example, a stretch exponential decay (see below) or other 
physical model. A first set of fitting parameters from this 
fitting may be recorded. Further, the difference between 
curve 406 and a corresponding reference curve measured by 
the sensor 102 without the presence of the environmental 
electric field may be obtained by the processor 120 of FIG. 
1. Such corresponding reference curve may be pre-measured 
and recorded in the database 122 of FIG. 1. The difference 
curve 416 in transient PL 414 is shown in FIG. 4b as a 
function of time 412. The difference curve 416 may be 
further processed by the processor 120 into a second set of 
fitting parameters (see below). Characteristics of the envi­
ronmental electric field may be determined based on the 
second set of fitting parameters and/or the first set of fitting 
parameters. 

[0042] In an alternative optical configuration, the first 
optical beam 109, the second optical beam 111 and the PL 
excitation optical beam 115 maybe configured as CW optical 
beams and the measurement of PL emission from the sensor 
102 may be made under steady-state. Again, the steady-state 
PL emission under the influence of the environmental elec­
tric field may be compared with a pre-measured reference 
steady state PL emission without the environmental electric 
field and pre-stored in the database 122 of FIG. 1. The 
difference between the steady state PL emission with and 
without the environmental electric field may be used by the 
processor to determine the characteristics of the environ­
mental electric field. 

[0043] FIG. 5 shows another optical configuration 500 as 
a function of time t (522) that may be used for determining 
characteristics of the environmental electric field in con-
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junction with the system configuration of FIG. 1. In par­
ticular, the first optical beam 109 for preparing the sensor 
102 into the optically bright first charge state may be 
configured into a first optical pulse 502. The second optical 
beam 111 for inducing charge conversion (between the 
optically bright first charge state and the optically dark 
second charge state) and for inducing the PL emission from 
the optically bright first charge state may be configured as a 
sequence of optical pulses, e.g., 512, 514, 516, and 518 
following the first optical pulse 502 by a delay of i'l3 • The 
optical pulses 512-518 may be arranged with a pulse peri­
odicity T 510, corresponding to a pulse frequency F=l/T. 
The pulse frequency F may be tunable. The optical pulses 
512-518 with tunable pulse frequency F may be generated 
directly from the second optical source 106. Alternatively, 
these pulses may be generated using optical components 
external to the second optical source 106 to modulate the 
optical beams output from the second optical source 106. 
The PL characteristics, such as the peak PL intensity of the 
transient PL emission, or differential PL of the PL emission 
with a reference PL emission from the sensor 102 (denoted 
as APL) may be monitored as a function of the pulse 
frequency F. 

[0044] An example of such measurements 600 is shown in 
FIG. 6 with the presence of an environmental electric field 
(showing PL or llPL 603 as a function of pulse frequency 
601). In FIG. 6, the exemplary environmental electric field 
comprises a radio-wave or microwave frequency electro­
magnetic wave with frequency f. FIG. 6 shows dip 602 in 
the measured PL intensity or llPL as the pulse frequency F 
for the first and second optical beams is tuned or swept. The 
dip 602 appears at a pulse frequency F=f, 610, correspond­
ing to the frequency of the environmental radio-wave or 
microwave frequency electric field. Other dips, such as dip 
604 and 606 may also be measured at subharmonic frequen­
cies of f, e.g., at f/2 (612) and f /3 (614). As such, the 
implementation of FIGS. 5 and 6 provide a manner in which 
the frequency of the environmental radio-wave or micro­
wave frequency electric field may be determined, in addition 
to its magnitude as described above. 

[0045] FIG. 7 shows a logic flow 700 for an exemplary 
implementation of determining one or more characteristics 
of an environmental electric field using the system configu­
ration of FIG. 1. In logic block 702, an electrometry sensor 
is disposed or present in an environment having an envi­
ronmental electric field. The electrometry sensor may com­
prise a semiconductor lattices having at least one vacancy. In 
logic block 704, the sensor is optically prepared into an 
optically bright (or dark) charge state associated with the 
vacancy. In logic block 706, charge conversion between the 
optically bright (or dark) charge state associated with the 
vacancy and an optically dark (or bright) charge state 
associated with the vacancy is induced optically. In logic 
block 708, photoluminescence is induced from the optically 
bright charge state and at least one characteristics of the 
photoluminescence is monitored. In logic bock 710, the 
measured characteristics of the photoluminescence emitted 
from the sensor is compared with a corresponding pre­
measured reference characteristics of a reference photolu­
minescence emitted by the sensor. The reference character­
istics of the reference photoluminescence may be pre­
measured following logic blocks 704, 706, and 708, but 
without the presence of the environmental electric field. The 
pre-measured reference characteristics of the reference pho-
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toluminescence may be stored in a database. In one imple­
mentation for the logic block 710, a difference between the 
measured characteristics of the photoluminescence and the 
reference characteristics of the reference photoluminescence 
may be obtained. In logic block 712, the one or more 
characteristics of the environmental electric field are deter­
mined according to the difference obtained in the logic block 
710. 

[0046] FIG. 8 shows a logic flow 800 for an exemplary 
implementation of determining a characteristics of an envi­
ronmental radio-wave or microwave frequency electric field 
using the system configuration of FIG. 1. In logic block 802, 
an electrometry sensor is disposed in an environment having 
the environmental radio-wave or microwave frequency elec­
tric field. The electrometry sensor may comprise a semicon­
ductor lattice having at least one vacancy. In logic block 804, 
the sensor is optically prepared into an optically bright 
charge state associated with the vacancy using a first 
sequence of optical pulses having a pulse periodicity ofT. In 
logic block 806, charge conversion between the optically 
bright charge state associated with the vacancy and an 
optically dark charge state associated with the vacancy is 
induced optically using a second sequence of optical pulses 
having the pulse periodicity of T. In logic block 808, 
photoluminescence is induced from the optically bright 
charge state and the characteristics of the photolumines­
cence is measured while tuning or sweeping F=l/T. In block 
810, a characteristics of the environmental radio-wave or 
microwave frequency electric field, such as its frequency, is 
determined based on the measured characteristics of the 
photoluminescence at various F. 

[0047] In the implementations above, the charge conver­
sion is optical induced or controlled between optically bright 
state and optically dark state. Such charge conversion may 
be affected by the presence of the environmental electric 
field. As a result, the environmental electric field may then 
modify the photoluminescence from optically bright state. 
Such effect on photoluminescence may be monitored to 
determine the amplitude, frequency, or other characteristics 
of the environmental electric field. In some other implemen­
tations, conversion may be optically induced between two 
optically bright states. Such conversion may similarly be 
affected by the presence of the environmental electric field. 
The two optically bright states may produce photolumines­
cence of different characteristics (for example, in intensity 
and/or wavelength). By monitoring the characteristics of the 
photoluminescence from one or both of the two optically 
bright states, the characteristics of the environmental electric 
field may be determined based on similar underlying prin­
ciples discussed above. 

[0048] The electrometry sensor above is based on the 
effect of an electric field being sensed on the charge con­
version between optically bright state and dark state in the 
sensor, and such effect is detected by monitoring photolu­
minescence emission from the optically bright charge state. 
In some implementations, the effect of the electric field on 
the photoluminescence may be non-linear as a function of 
the amplitude of the electric field, particularly when the 
electric field is small. For example, differential photolumi­
nescence (with and without the electric field) in some 
electrometer sensors described above may depend quadrati­
cally on the amplitude of the electric field. As such, the 
detection configuration of FIG. 1 may not provide an elec-
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trometry sensor having a linear response as a function of the 
amplitude of the electric field being sensed. 
[0049] In some implementations alternative to FIG. 1, the 
electrometry sensor and the detection configuration may be 
modified to provide a desired linear response. An exemplary 
modified detection configuration for detecting electric field 
Esensed (101) at a frequency f sensed is shown in FIG. 9. The 
detection configuration of FIG. 9 is similar to FIG. 1, except 
that (1) an additional reference electric field Eref (904) at 
frequency f ref from source 902 is applied to the electrometry 
sensor 102 such that the electrometry sensor is exposed to 
both the electric field being sensed, Esensed (101), and the 
reference electric field 904, (2) a lock-in amplifier 908 is 
used for analyzing the photoluminescence 117 detected by 
the optical detector 118, (3) signal 911 detected from the 
lock-in amplifier 908 may be further processed by computer 
processor 120, (3) an auxiliary signal 906 indicating the 
frequency f ref of the reference electric field Eref (904) may 
be provided to the processor 120, and (4) in come imple­
mentations ( coherent heterodyne detection described 
below), a second auxiliary signal 907 indicating the phase of 
the reference electric field Eref(904) may be provided to the 
lock-in amplifier. As will be shown in more detail below, the 
addition of the reference electric field Eref (904) to the 
electrometry sensor may provide the desired detection lin­
earity by implementing a heterodyne detection configura­
tion. 
[0050] For example, the differential photoluminescence 
117 detected by the optical detector 118 may be quadratic to 
the amplitude of the total electric field present in the sensor, 
including both the electric field being sensed Esensed (101) 
and the reference electric field Eref (904): 

/IJ'LcxE,,noed exp(i2nf oenoeJ)+Eref exp(i2nf ref+) 
12 ~ IEoemedl 2+ 1Ere)2 +2Eoenoe~ref cos(2ni\.f t+<j> ). (1) 

where li.f denotes the difference or beat frequency between 
f sensed and f refi t represents time, and cp represents the phase 
difference between the electric field Esensed (101) and the 
reference electric field Eref (904). 
[0051] The differential photoluminescence thus may 
include a component at the beat frequency li.f, with an 
amplitude being the inner product of the amplitudes of the 
electric field Esensed (101) and reference electric field Eref 

(904). The lock-in amplifier 908 may then be used as a 
narrow band filter to isolate this photoluminescence com­
ponent at the beat frequency li.f and this photoluminescence 
component would be a linear function of the amplitude of 
the electric field being sensed Esensed (101). The filter 
bandwidth of the lock-in amplifier corresponds to an inte­
gration time constant of the lock-in amplifier. The integra­
tion time constant may be adjusted to any values. For 
example, the integration time constant may be 1 ms to 10 
seconds. For a particular example, the integration time 
constant may be 50 ms, corresponding to a FWHM filtering 
bandwidth of -6.5 Hz. Using the lock-in amplifier 908 as a 
narrow band filter is merely one example. Other alternatives 
may be used. For example, the photoluminescence signal 
from the optical detector 118 may be input into an analog to 
digital converter and the converted digital signal may be 
processed using a computer-implemented numerical filter 
having a desired filtering bandwidth. 
[0052] Some implementations for the electrometry sensor 
102 of FIG. 9, as shown in more detail in FIG. 10a, may 
include integrated electrodes for applying the reference 
electric field Eref(904). As such, the electrometry sensor 102 
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may include lattice host 1008 with defect states supporting 
charge conversion ( such as the material system shown in 
FIG. 2) and integrated pair of electrodes 1002 and 1004 for 
applying the reference electric fields 904. For example, 
electrode 1002 may be connected to ground whereas elec­
trode 1004 may be connected to source 902. In some 
alternative implementations, a 180-degree hybrid splitter 
may be used to alternate positive and negative potential at 
electrodes 1002 and 1004 rather than having one of the 
electrodes always at ground. The electrodes 1002 and 1004 
may be integrated with the lattice host 1008 using current 
and future technologies for growing, depositing, and pat­
terning electrodes. During operation of the electrometry 
sensor 102, the electric field being sensed (not shown in FIG. 
10a) would be in co-existence with the reference electric 
field Eref(904). As described above, the electrometry sensor 
102 may be optically prepared, charge-transferred, and 
optically excited using optical excitation 1012. Photolumi­
nescence 1013 may be detected by optical detector 1016, 
which is then sent to the lock-in amplifier as depicted in FIG. 
9. 

[0053] The in-plane direction of the reference electric field 
Eref(904) may be determined by the in-plane positions of the 
electrodes, as shown in an in-plane view of the electrodes in 
FIG. 10b. FIG. 10b shows that a pair of electrodes 1022 and 
1024 may be used to apply a reference electric field in the 
orientation shown by 1030, whereas a pair of electrodes 
1026 and 1028 may be used to apply a reference electric 
field in the orientation shown by 1032. As shown by 
Equation (1) above, the photoluminescence at the beat 
frequency li.f is non-zero when the electric field Esensed 

being sensed and the reference electric field Eref are not 
normal to each other and would be at maximum when 
Esensed and Eref are aligned along the same orientation. In 
other words, the electric fields in Equation (1) may be 
considered as vectors and the inner product of the electric 
fields Esensed and Eref is non-zero only when the electric 
fields are not orthogonal to each other. As such, for maxi­
mum detection signal for the photoluminescence component 
at the beat frequency, multiple electrode pairs may be 
integrated into the electrometry sensor such that the elec­
trometry sensor may be capable of applying reference elec­
tric field in various in-plane orientations. For example, the 
electrodes may be arranged and segmented in a circular 
fashion around the detection region of the electrometry 
sensor surrounded by the electrodes. In some other imple­
mentations, the electrodes may be disposed on the back side 
of the sensor, particularly when the sensor is sufficiently 
thin. Such electrode configuration may be used to apply 
out-of-plane reference field. When the electrometry sensor is 
in operation, a pair of electrodes may be chosen ( depending 
on the orientation of Esensed) to obtain maximum photolu­
minescence component at the beat frequency. In some other 
implementations, the configuration of the electrodes may not 
be limited to in-plane configuration. For example, the elec­
trode pairs may be arranged in three spatial dimensions. As 
such, an electrode pair may be chosen for applying the 
reference electric field that is aligned with the electric field 
being sensed in any orientation in three-dimensional space. 
In some other implantations of the electrometry sensor, the 
electrodes may be configured as shown in the in-plain 
configuration of FIG. lOb, or in a configuration where a 
single pair of electrodes are used, and such electrometry 
sensor may be mounted on, e.g., a piezo-electric platform 
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that may be used to orient the electrometry sensor such that 
the reference electric filed is aligned to the electric field 
being sensed for obtaining maximum photoluminescence 
component at the beat frequency. 

[0054] When the electrometry sensor of FIG. 9 is in 
operation, the lock-in amplifier detects signal from the 
optical detector 118 centered at a lock-in frequency equal to 
li.f (or flock-in-li.f=O), and the signal tails off on either 
frequency side according to the filtering bandwidth ( or 
integration time constant) of the lock-in amplifier, as shown 
in FIG. 11. In one implementation, the lock-in amplifier may 
be set at a fixed detection frequency flock-in and measure­
ments may be made as the frequency f ref of the reference 
electric field Erefis tuned to obtaining the curve 1106 in FIG. 
11. The signal reaches maximum 1107 when li.f f rerfsensed 

equals flock-im as shown by 1102 and 1104, and falls off 
beyond the filtering bandwidth of the lock-in amplifier on 
either frequency side of the maximum 1107, as shown by the 
FWHM 1108. For example, flock-in may be fixed at 397 Hz, 
the integration time constant for the lock-in amplifier may be 
adjusted to 50 ms ( corresponding to a FWHM filtering 
bandwidth of6.5 Hz), and thefsensedmay be 68 MHz. When 
the f ref is tuned, the lock-in amplifier may detect maximum 
signal at an frefof 68 MHz+397 Hz (or 68 MHz-397 Hz), 
with a FWHM of about 6.5 Hz. 

[0055] In another alternative implementation, frequency 
f ref of the reference electric field may be fixed while the 
lock-in detection frequency flock-in is tuned. Similar curve 
1108 may be obtained with maximum signal when flock-in is 
tuned to a frequency such that flock-in-li.f=O. 

[0056] In any of the implementations above according to 
FIG. 11, the detected signal level from the lock-in amplifier 
is linear to the amplitude of the electric field Esensed being 
sensed. The total photoluminescence detected by the pho­
todetector 118 of FIG. 9 includes not only the differential 
photoluminescence (with and without electric field) but also 
the background photoluminescence generated by the input 
optical excitation without the electric fields. However, such 
background photoluminescence would not be at the beat 
frequency li.f and would at most contribute as some noise to 
the signal detected by the lock-in amplifier 908. Such noise 
may be minimized by increasing the integration time con­
stant (or reducing the filtering bandwidth) of the lock-in 
amplifier. 

[0057] As such, the amplitude of Esensed can be sensed 
with linearity. In addition, the frequency f sensed can be 
determined as shown in FIG. 11 by tuning flock-in or f ref' The 
measured signal is also linear with the amplitude of the 
applied reference electric field, thereby providing another 
convenient tuning knob for the measurement. For example, 
tuning of the characteristics of the reference electric field 
may enables tuning of a dynamic range of the sensor, i.e. the 
optimal range of electric field that can be detected (see 
description below with respect to FIG. 17b). Further, as 
shown in FIG. 10b and described above, the orientation of 
Esensed may be determined, by a multi-electrode configura­
tion or by scanning the orientation of the electrometry sensor 
in time. In some implementations, multiple pairs of elec­
trodes of FIG. 10b may be used to apply reference electric 
fields of different frequencies. In such a manner, different 
orientations would be associated with corresponding differ­
ent beat frequencies for measuring electric field along each 
of the orientations simultaneously. 
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[0058] In the above description associated with FIGS. 
9-11, Equation (1) has been assumed. In other words, it has 
been assumed that the differential photoluminescence is 
quadratic to the amplitude of the electric fields. However, 
the implementations above may also be applicable to other 
type of nonlinear photoluminescence response ( e.g., cubic, 
or a mixture of quadratic and cubic, etc.). The lock-in 
amplifier would isolate the photoluminescence signal com­
ponent at the beat frequency between the electric field being 
sensed Esensed and the reference electric field Eref' Such 
photoluminescence signal component would be linear with 
respect to Esensed· 

[0059] In some other implementations, the heterodyne 
detection above may be further modified to utilize a coherent 
heterodyne detection, where, in addition to the frequency 
relation, there may be also a known phase relation between 
the reference electric field and electric field being sensed 
(phase cp in Equation (1)). In particular, if this cp is not 
random, that is, the phase of the electric field being sensed 
can be known (for example if the electric field being sensed 
can be driven or triggered), then the sensitivity of the 
detection will be even higher. It allows more efficient 
averaging of the signal than for random phase. The phase 
also corresponds to the relative direction (sign) in addition 
to just orientation between sensed and reference electric 
field. Without this known phase, it is possible to know the 
orientation but not the sign of the vectors in space for the 
electric field. Coherent heterodyne could therefore allow 
real 3D vector imaging with high sensitivity. 
[0060] FIG. 12 illustrates an exemplary logic flow 1200 
for the implementations of FIGS. 9-11. In step 1201, the 
electrometry sensor is disposed in an environment having an 
electric field to be sensed. In step 1202, a reference electric 
field is applied to the environment via, for example, the 
electrometry sensor, in addition to the electric field being 
sensed. In step 1204, the electrometry sensor is optically 
prepared into an optically bright charge state. In step 1206, 
charge conversion is induced from the optically bright ( or 
dark) charge state to the optically dark (or bright) charge 
state in the electrometry sensor in the presence of both the 
electric field being sensed and the reference electric field. In 
step 1208, photoluminescence from the optically bright 
charge state in the electrometry sensor is induced and 
monitored by an optical detector. The signal detected by the 
optical detector is further processed by a narrow band filter 
such as a lock-in amplifier. In step 1210, the signal derived 
from the narrow band filter is further processed to obtain 
various characteristics of the electric field being sensed as 
described above in with respect to FIGS. 9-12. 
[0061] More details, including various characterization, 
measurements, and application of the electrometry system 
above in exemplary material systems are described below. 
[0062] Charge state of defects in semiconductor may be 
optically detected using the methods and systems described 
herein. For example, for nitrogen-vacancy (NV) center in 
diamond, a change from the NV- to the NV0 provides 
different emission spectra, while in VV or silicon vacancies 
(Vs,) in 4H and 6H-SiC, only one charge state (VV0 , Vs,-) 
has a PL spectrum. Charge conversion between the various 
charge states can be efficiently realized by optical pumping 
at specific wavelengths. This change in PL due to optical 
charge conversion (OCC) rate between the bright and dark 
charge states of both VV and Vs, defects may be modulated 
by the presence of an applied radio-wave frequency (RF) or 
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microwave (MHz to GHz) electric field, which can therefore 
be measured by photoluminescence. The frequency range of 
this electrometry by OCC, or electrometry by OCC (EOCC), 
would be extremely challenging using spin sensing. In 
general, a defect may have two charge states (which can both 
be optically bright, as an alternative to the optically bright 
and dark charge state combination shown as an example 
above) associated with different PL; a change in PL due to 
optical charge conversion (OCC) rate between the two 
charge states of the defect may be modulated by the presence 
of an applied radio-wave frequency (RF) or microwave 
(MHz to GHz) electric field, which can therefore be mea­
sured by photoluminescence. 
[0063] In an exemplary host material of 4H-SiC, OCC of 
divacancy ensembles may be realized using a near or above 
bandgap (3.2 eV) excitation to efficiently obtain VV0 

(bright), while an illumination below 1.3 eV pumps the 
defect toward a dark charge state, either vv- or vv+. For 
example, 365 nm (continuous) or 405 nm (pulsed) optical 
excitation from a laser may be used for excitation of the 
detects into the bright charge state and 97 6 nm optical 
excitation from a laser may be used for OCC from the bright 
charge state to the dark charge state. The 976 nm laser also 
exciting PL from VV0

• A schematic of the setup is shown in 
FIG. 13a, where the two laser beams are focused at a 
divacancy layer (carbon implantation) between two metal 
contacts on top of the SiC substrate. 
[0064] In one exemplary implementation, to characterize 
and detect OCC transient decays due to the 976 nm pumping 
immediately following reset by 405 nm, a fast photo detector 
is used to capture a complete transient from bright to dark in 
a single measurement, as shown in the top panel of FIG. 13b. 
The decay may be fitted by a simple stretch exponential 
decay f(t)cxexp(-(Rtn, where R is the characteristic decay 
time and n the stretch factor, the latter describing the 
complexity of the charge conversion mechanism (n=l for 
simple photoionization and n<l for competition between 
ionization, carrier capture and carrier diffusion). An RF 
electric field E (root mean square amplitude, frequency 
f E=lO MHz) is then applied during the 976 nm illumination. 
The PL difference (llPL) with electric field minus is plotted 
in the bottom panel of FIG. 13b. 
[0065] The transients may be fitted by shifts, for example 
in the conversion rate R and with n being fairly constant 
(-1 % shift). Shifts in R are shown as a function of E in FIG. 
13c and may follow a quadratic dependence with saturation 
such that 

(2) 

where <>,correspond to a time average over an oscillation 
of the RF electric field, llR~ is the maximum R shift when 
E>>Esar In this exemplary implementation, llR~=27±1 % 
and Esa,=158±20 V/cm. These values may be specific to the 
sample or to the defect itself. EOCC would be likely due to 
variations in carrier recapture after ionization and would 
depend on parameters such as electron mobility or drift 
velocity. Esat may be directly related to the defect potential 
and changes in photoionization and capture cross-sections. 
[0066] From the quadratic response given by Equation (2), 
the sensitivity of this sensing technique to electric field can 
be defined as: 

(3) 

where llPL/aAf'L is the signal-to noise ratio (using standard 
deviation) for a given electric field (below saturation) and 



US 2020/0400723 Al 

Texp is the experiment time. In FIG. 13d, this sensitivity is 
measured as a function of the 976 nm pump power. For 
better sensitivity, the measurement is realized with continu­
ous 976 nm and 365 nm (replacing the 405 nm) illumination 
while locking-in on the electric field turned periodically on 
and off. For this particular implementation, sensitivity at 10 
MHz is measured as low as 41±8 (V/cm)2 Hz- 112 for an 
estimated ensemble of 104 VVs within the confocal spot 
size. 

[0067] The frequency response of the EOCC technique is 
shown in FIG. 14a where the rate shift from transient 
experiments are fitted and plotted as a function of frequency, 
from low frequency AC (100 Hz) to microwave frequencies 
(2 GHz). Above 1 GHz, the rate shift from electric field 
decreases from parasitic capacitances (RC filtering). Below 
1 MHz, a decrease in rate shift is also observed and may be 
attributed to the creation of a space charge under illumina­
tion and electric field. At low frequency, when defects are 
ionized the resulting carriers are distributed such that they 
compensate the local electric field. At high enough fre­
quency, the distribution never reaches its steady state and the 
space charge is not created. The characteristic timescale for 
space charge formation is the Maxwell relaxation time 
(1/fM)=E0 Erp/2, where E0 and Er (""10 for 4H-SiC) are the 
vacuum and relative permittivity and p is the resistivity. 
Within this description and using a fitting function for f M' 

the resistivity may be estimated to be ""107 Qcm. The space 
charge creation may be dependent on the initial charge 
distribution which may be modified by increasing the spot 
size. 
[0068] In a further implementation, frequency and phase 
of the applied RF electric field may be sensed and resolved 
as shown in FIGS. 14b and 14c. This is enabled by pulsing 
the 976 nm pump light with a given frequency flaserand duty 
cycle. First, f laser is fixed while f E is swept with a random 
initial phase between the two frequencies. This sequence 
provides a measure of the effective filter function of the 
pulse sequence, showing dips of decreasing intensities for f E 

equal to increasingly higher harmonics off laser (FIG. 14b ). 
The dips may be explained by the fact that, even with 
random phase, the light pulse always encounters the same 
value of the electric field when f E matches a harmonic of 
f laser· The RF electric field effectively becomes DC and the 
EOCC signal diminishes as expected from FIG. 14a. The 
effect is increasingly prominent for decreasing duty cycle 
and the filter function sharpens. For phase resolution (FIG. 
14c), the laser pulse and electric field oscillations have a 
fixed phase relative to one another, and f 1aser=2f E" Alter­
nating light pulses encounter electric fields with alternating 
signs but equal amplitude depending on the phase. Hence, 
the electric field (E2

) oscillation in time can be directly 
mapped by sweeping the relative phase with the pulsed laser. 
The model in the figure may be directly calculated without 
any free parameter using Equation (2) and the overlap 
between the electric field wave and the laser pulse. 

[0069] While the discussion above focuses on EOCC 
characterization for ensembles of VV in 4H-SiC, the 
underlying implementations and techniques may be gener­
alizable to other defects. For example, silicon vacancy Vs, in 
4H-SiC, may be optically active up to room temperature. 
The combination of a 365 nm (pump to the dark state) and 
a 785 nm (pump to the bright state) excitation may be used 
for charge conversion, and may therefore be used for EOCC 
as shown in FIGS. 15a and 15b. The change in PL (con-
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tinuous illumination) as a function of electric field is plotted 
in FIG. 15a as a function of electric field for temperatures 
from 5 K to 350 K. The data may fitted by the processor 120 
according to Equation (2), and the PL change for E-oo is 
plotted as a function of temperatures in FIG. 15b. The EOCC 
signal may be measured at all temperatures with a drastic 
reduction above 30-77 K. This behavior may be explained 
by the thermal activation of shallow impurities or capture 
barriers for example. 

[0070] In another implementation, EOCC discussed above 
may be applied to map surface acoustic wave (SAW) modes 
in an electro-mechanical resonator in 4H-SiC. The map­
ping may be implemented by detecting the electric field and 
piezoelectrically induced by a strain field using the elec­
trometry method above. An example of the resonator is 
shown in FIG. 16a with an interdigital transducer (IDT) 
fabricated on top of a 500 nm AlN layer on top of the SiC 
substrate. The resonator is composed of Bragg gratings 
made from grooves in the AlN that act as reflective mirrors, 
while the IDT couples the electrical drive to the SAW mode. 
FIGS. 16b, 16c and 16d respectively show a longitudinal 
(x-z) cross-section in the center of a device where there is a 
window in the IDT, a cut (x) across the AlN grooves and a 
transverse cut (y) in the central window. In the cross-section, 
wave crests separated by half of the wavelength A (A=16 µm, 
cavity frequency is 421 MHz) may be observed within the 
window, due to, for example, a quadratic response in electric 
field. In FIG. 16c, the cut through the grooves shows 
oscillations from the SAW modulated by an exponential 
decay. In this particular implementation, the characteristic 
decay length into the Bragg grating is measured to be 
L=0.78±0.03 mm, and directly related to the reflectivity per 
grating strip lr)=A/4L=0.51±0.02%. 

[0071] In FIG. 16d, a transverse cut is shown as a function 
of drive frequency of the cavity, allowing for observation of 
the transverse modes of this implementation of the SAW 
resonator. Modes with 1 to 5 peaks are observed. Their total 
signal may be separately integrated, plotted in the bottom 
panel of FIG. 12d, and compared with a direct RF reflection 
(Su) measurement of the cavity. The Su signal shows the 
total contribution from all modes, whereas the EOCC imple­
mentation is able to fully separate these contributions. 
EOCC may therefore provide complementary information 
(to displacement) to common MEMS characterization meth­
ods such as laser Doppler vibrometry and various surface 
techniques ( scanning electron microscope, atomic force 
microscopy, etc.). 

[0072] FIG. 17a shows a typical nonlinear relationship 
1702 between the measured EOCC and the amplitude of the 
electric field being sensed using the detection implementa­
tions of FIGS. 1-8 (standard detection). However, by using 
the heterodyne detection implementations of FIGS. 9-12, the 
measured and filtered EOCC becomes linear as a function of 
the amplitude of the electric field being sensed above the 
noise floor, as shown in FIG. 17b. In particular, FIG. 17b 
shows the relationship between the EOCC in log scale and 
power of the electric field in dBm as a linear relationship 
with a slope of 1/20, which corresponds to linear relation­
ship between EOCC in linear scale and amplitude of the 
electric field in linear scale. FIG. 17b further shows hetero­
dyne EOCC measurements under different amplitudes for 
the reference electric field, as indicated by 1704 (18 dBm), 
1706 (13 dBm), and 1708 (8 dBm). FIG. 17b shows that at 
higher reference electric field, such as in 1704, in compari-
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son to lower reference electric field, such as 1708, lower 
amplitudes for the electric filed being sensed can be mea­
sured in the presence of noise, providing larger or shifted 
measurement dynamic range, as shown by region 1710 of 
FIG. 17b. 

[0073] FIGS. 18a and 18b show heterodyne detection 
measurements for an electrometry sensor having a reference 
electric field applied in the horizontal orientation parallel to 
an electric field being sensed and in the vertical orientation 
orthogonal to the electric field being sensed, respectively. 
FIGS. 18a and 18b indicate that a photoluminescence com­
ponent at the beat frequency between the reference electric 
field and the electric field being sensed can be measured 
(1802) when the two field are parallel, and that such pho­
toluminescence component is absent (1804) when the two 
electric fields are orthogonal, consistent with the description 
above with respect to FIG. 10. 

[0074] FIGS. l9a-l9d shows exemplary coherent hetero­
dyne measurements, in which the sign ( direction) of the 
electric filed in the vector space (not just orientation without 
sign information) may be determined. FIGS. 19a and 19b 
are similar to FIGS. 18a and 18b. The coherent measurement 
however provides both magnitude and phase of the detec­
tion. The magnitude is the same in both coherent and 
incoherent detection, but only coherent measurement can 
give the phase relationship (between the electric field being 
sensed and the reference electric field), which may be 
obtained from the lock-in). Correspondingly, FIGS. 19c and 
19d plots the phase measurements from the lock-in ampli­
fier. As shown by FIG. 19c, when two electric fields are 
aligned (in orientation, i.e., the same sign and direction), the 
phase is always 0. When the two electric fields are orthogo­
nal to one another (by, for example, applying the two electric 
fields using electrodes that orthogonal), the electric fields are 
aligned ( of the same sign) in 2 out for 4 space quadrants and 
opposite sign (phase 180 degrees) in the other 2 of the 4 
space quadrants, as shown in FIG. 19d. The electric fields 
are indicated by the arrows in FIG. 19d. 

[0075] As such, the electrometry implementations dis­
closed above and based on electric field dependent charge 
state conversion in semiconductors may be used to detect 
various characteristics of an environmental electric field, in 
a wide spectral range ( e.g., radio wave and microwave 
frequencies). Such electrometry systems may be used to 
detect the presence of environmental electrical field in a 
binary manner. In addition, various characteristics of the 
environmental electric filed may be detected (e.g., magni­
tude and spectral frequency). 

[0076] While the particular invention has been described 
with reference to illustrative embodiments, this description 
is not meant to be limiting. Various modifications of the 
illustrative embodiments and additional embodiments of the 
invention, will be apparent to one of ordinary skill in the art 
from this description. Those skilled in the art will readily 
recognize that these and various other modifications can be 
made to the exemplary embodiments, illustrated and 
described herein, without departing from the spirit and scope 
of the present invention. It is therefore contemplated that the 
appended claims will cover any such modifications and 
alternate embodiments. Certain proportions within the illus­
trations may be exaggerated, while other proportions may be 
minimized. Accordingly, the disclosure and the figures are to 
be regarded as illustrative rather than restrictive. 
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1. A method for sensing an electric field in an environ­
ment, comprising: 

pre-exciting a sensor comprising a crystalline lattice and 
at least one defect in the crystalline lattice to prepare 
the at least one defect in a first charge state using a first 
optical beam at a first optical wavelength; 

converting the at least one detect from the first charge 
state to a second charge state, using a second optical 
beam at a second optical wavelength, photolumines­
cence associated with the first charge state being dif­
ferent from the second charge state; 

monitoring one or more characteristics of a photolumi­
nescence emitted during or after the conversion of the 
at least one defect from the first charge state to the 
second charge state; and 

determining one or more characteristics of the electric 
field in the environment according to the one or more 
monitored characteristics of the photoluminescence. 

2. The method of claim 1, further comprising pre-deter­
mining one or more reference characteristics of a reference 
photoluminescence emitted by the sensor without being 
disposed in the environment and excited by the first optical 
beam and the second optical beam, wherein determining the 
one or more characteristics of the electrical field in the 
environment according to the monitored one or more char­
acteristics of the photoluminescence comprises: 

determining a difference between the one or more moni­
tored characteristics of the photoluminescence and the 
one or more characteristics of the reference photolu­
minescence; and 

determining the one or more characteristics of the elec­
trical field in the environment according to the differ­
ence. 

3. The method of claim 1, wherein the first optical beam 
comprising a first pulse of light at the first optical wave­
length and the second optical beam comprises a second 
pulse oflight at the second optical wavelength following the 
first pulse of light. 

4. The method of claim 1, further comprising fitting the 
photoluminescence to a stretch exponential decay, or other 
physical model, to obtaining a set of fitting parameters, 
wherein determining the characteristics of the electric field 
in the environment comprises determining the characteris­
tics of the electric field in the environment according to the 
set of fitting parameters. 

5. The method of claim 1, wherein the second optical 
beam comprises a sequence of pulses having a pulsing 
frequency, the method further comprising: 

sweeping the pulsing frequency for the second optical 
beam while monitoring the characteristics of the pho­
toluminescence; and 

determining an oscillation frequency of the electric field 
in the environment. 

6. The method of claim 5, wherein the one or more 
characteristics of the electric field in the environment com­
prise an electric field amplitude, and wherein determining 
the one or more characteristics of the electric field in the 
environment according to the one or more monitored char­
acteristics of the photoluminescence comprises: 

obtaining one or more reference characteristics of a 
reference photoluminescence emitted by the sensor 
when disposed in a reference electric field having the 
oscillation frequency; and 
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determining the electric field amplitude of the electric 
field in the environment according to the one or more 
characteristics of the photoluminescence and the one or 
m?re reference characteristics of the reference photolu­
mmescence. 

7. The method of claim 1, wherein the crystalline lattice 
comprises a silicon carbide lattice comprising a 4H-SiC or 
a 6H-SiC crystalline lattice. 

8. ( canceled) 
9. ( canceled) 
10. The method of claim 7, wherein at least one defect 

comprises at least one silicon vacancy or divacancy. 
11. (canceled) 
12. (canceled) 
13. (canceled) 
14. (canceled) 
15. The method of claim 1, wherein the first optical 

wavelength is shorter than the second optical wavelength. 
16. The method of claim 15, wherein the first optical 

wavelength is in a wavelength range of 340 and 430 nano­
meters and the second optical wavelength is in a wavelength 
range of 700 and 1100 nanometers. 

17. (canceled) 
18. The method of claim 1, wherein the one or more 

characteristics of the photoluminescence is monitored at a 
third optical wavelength and wherein the second optical 
wavelength is shorter than the third optical wavelength. 

19. The method of claim 1 wherein the first optical beam 
comprises a pulse and the second optical beam comprises a 
continuous wave optical beam. 

20. The method of claim 1, further comprising: 
disposing the sensor in an electro-mechanical device 

wherein the electric field in the environment comprises 
piezoelectric field generated by the electro-mechanical 
device; and 

mapping surface acoustic modes of the electro-mechani­
cal device using the monitored one or more character­
istics of the electric field in the environment. 

21. The method of claim 1, wherein the electric field is 
piezoelectrically induced from a strain field or stress field in 
the crystalline lattice, the method further comprising deter­
mining one or more characteristics of the strain field or the 
stress field and one or more characteristics of a strain or a 
stress in the crystalline lattice producing the electric field 
according to the one or more monitored characteristics of the 
photoluminescence. 

22. The method of claim 1, further comprising applying a 
reference electric field to the environment before pre-excit­
ing the sensor, wherein the one or more monitored charac­
teristics of the photoluminescence correspond to a photolu­
minescence component at a beat frequency between the 
electric field being sensed and the reference electric field. 
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23. The method of claim 22, wherein the photolumines­
cence component at the beat frequency is extracted using a 
narrow band filter. 

24. The method of claim 15, wherein the photolumines­
cence component is measured based on a heterodyne detec­
tion. 

25. The method of claim 1, wherein the first charge state 
is one of an optically bright and dark charge state, and the 
second charge state is the other of the optically bright and 
dark charge state. 

26. A system comprising: 
a sensor comprising a crystalline lattice having at least 

one defect; 
a first optical source emitting a first optical beam at a first 

optical wavelength; 
a second optical source emitting a second optical beam at 

a second optical wavelength; 
an optical detector for monitoring a photoluminescence 

from the sensor when the sensor is excited by the first 
optical beam and the second optical beam; 

a database; 
a processor configured to: 

extract a first set of parameters from the photolumi­
nescence; 

obtain a second set of predetermined parameters from 
a reference photoluminescence measured by the sen­
sor and stored in the database; 

obtain a difference between the first set of parameters 
and the second set of predetermined parameters; and 

determine an environmental electric field of the sensor 
according to the difference. 

27. A system for measuring characteristics of an environ­
mental electric field, comprising: 

a sensor comprising a crystalline lattice having at least 
one defect and a pair of electrodes for applying a 
reference electric field; 

a first optical source emitting a first optical beam at a first 
optical wavelength; 

a second optical source emitting a second optical beam at 
a second optical wavelength; 

an optical detector for generating a electric signal by 
collecting a photoluminescence from the sensor when 
the sensor is excited by the first optical beam and the 
second optical beam in presence of the environmental 
electric field and the reference electric field; and 

a circuitry configured to: 
filter the first signal to obtain a signal component at a 

beat frequency between the environmental electric 
field and the reference electric field; and 

extract the characteristics of the environmental electric 
field based on the signal component and character­
istics of the reference electric field. 

* * * * * 


