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Establishing connections between material impurities and charge transport
properties in emerging electronic and quantum materials, such as
wide-bandgap semiconductors, demands new diagnostic methods tailored to
these unique systems. Many such materials host optically-active defect
centers which offer a powerful in situ characterization system, but one that
typically relies on the weak spin-electric field coupling to measure electronic
phenomena. In this work, charge-state sensitive optical microscopy is
combined with photoelectric detection of an array of nitrogen-vacancy (NV)
centers to directly image the flow of charge carriers inside a diamond
optoelectronic device, in 3D and with temporal resolution. Optical control is
used to change the charge state of background impurities inside the diamond
on-demand, resulting in drastically different current flow such as filamentary
channels nucleating from specific, defective regions of the device. Conducting
channels that control carrier flow, key steps toward optically reconfigurable,

1. Introduction

Characterizing a material, however ex-
otic, for use in electronics applications
amounts to determining how charges en-
ter, leave, and — most importantly — move
through it. An ideal diagnostic platform
would thus consist of an array of in-
built, minimally-perturbative detectors em-
bedded throughout a material that de-
tect charges as they traverse the device.
Exactly this situation occurs in several
wide-bandgap semiconductors, where im-
purities give rise to optically-active de-
fect centers!!'=] distributed throughout the
material. Some of these defects even ex-
hibit coherent spin properties at room

wide-bandgap optoelectronics are then engineered using light. This work
might be extended to probe other wide-bandgap semiconductors (SiC, GaN)
relevant to present and emerging electronic and quantum technologies.
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temperature,* such as the NV center in
diamond®! or the silicon-vacancy and di-
vacancy in SiC.[%7] Recently, it has been
shown that exploiting the spin properties
of these defects provides a powerful means
of characterizing electronic properties of
both the host material® and semiconductor devices external
to the host via the magnetic signatures of currents./'2-1¢]
However, optically-based spin measurements of charge trans-
port are too insensitive and perturbative to employ for the elec-
trical detection of transient, dynamical conduction processes
such as electrical breakdown inside the host material. In the
case of wide-bandgap materials such as diamond, SiC, and GaN
that have emerging applications in high-power electronics,!*~*°]
new in situ probes could help unravel material interface prop-
erties and charge carrier dynamics central to electrical perfor-
mance. Compared to the spin, the electronic charge state of a
deep-level defect in a wide-bandgap semiconductor is a stable
and optically addressable resourcel?*?!! for the study of charge
transport.[223] Besides their impact on transport properties, the
charge of semiconductor defects plays a critical role in quantum
sensing and quantum information,?* with significant effort put
into controlling,>%¢! stabilizing!?”?®! and understanding!?*3"]
their charge state and charge environment. In this work, we
use single-shot, non-perturbative charge-sensitive optical mi-
croscopy to reveal the generation and flow of electric currents
inside a wide-bandgap semiconductor at room temperature and
in three dimensions. Our technique is distinct from scanning
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Figure 1. Photocurrent generation and detection within an optoelectronic diamond device. a) Experimental setup: two planar electrodes are deposited
on the surface of a diamond hosting NV centers. Optical protocols (bottom frame) are used to prepare the NV centers and other defects in particular
charge states, which can then be measured using optical confocal microscopy or detection of photocurrent via the electrodes and lock-in amplification.
HV on denotes high voltage applied to the electrode. b) Images of NV~ photoluminescence after an 8 mW (80 Hz modulated) green laser beam is
positioned near the left electrode, held at —120 V, while the right-hand electrode (positive) connects to ground through a current amplifier, and c)
corresponding photocurrent versus time. All images are 80x 80 um scans. The formation of dark, NVO-rich filaments connecting the charge capture halo
surrounding the illumination spot to the left-hand electrode is correlated with distinct features in the photocurrent, which corresponds to predominantly-
hole photocurrent flowing in local channels before a general “breakdown” event at later times. Holes move from right to left in these images. The
semicircular shape of the nominally symmetric CCP is a result of the left-hand electrode obscuring the imaging region. d)(i—x) The dark filaments
nucleate from specific regions of the electrodes, as these scans over a 200 um region show. Plots of the time-dependent photocurrent are shown inset
for each confocal scan, and the colored circle on each plot indicates the corresponding time where the image is taken (3—4.5 s, where the filaments are

most clearly resolved for each case). At each point, the onset of filaments always precedes a general increase in photocurrent.

photocurrent microscopy, where optical excitation generates a
photocurrent signal at remote electrodes:!) here, we image the
actual photocurrent as it flows between electrical contacts and the
point of optical illumination, a measurement simultaneously in
situ yet also weakly perturbing.

Our method works on the basis that a charge carrier induces
a measurable change in the fluorescence of a color center de-
fect upon capture, for instance NV~ + h* — NV°. With charge-
state selective excitation and spectral filtering, we detect only the
NV~ fluorescence, consequently, the spatial profile and time evo-
lution of current flow is imprinted on the charge state of an en-
semble of NV centers embedded throughout the device, enabling
microscale mapping in three dimensions. Optical confocal mi-
croscopy is augmented by the simultaneous electrical detection
of time-dependent currents, allowing us to make clear associa-
tions between spatial structures observed in images and current
transients. We employ our technique to detect local electric field
inhomogeneities and preferential charge injection in a metal-
semiconductor interface, revealing points in the metal-diamond
junction that unexpectedly nucleate thin filament-like channels
of charge carriers. Next, we show that the spatial structure and
temporal variation of photocurrent is determined by the charge
state of nonfluorescent nitrogen impurities,*?! which can be op-
tically prepared into space-charge regions that impede current
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flow or a charge-neutral, high-mobility background. We can con-
trol and even mimic the naturally-occurring filament structures
by creating optically-defined patterns of varied conductivity with
laser scans, and then image the effects on charge transport cre-
ated by these patterns in three spatial dimensions with tempo-
ral resolution.

2. Results

Our experiment, depicted schematically in Figure 1a and de-
tailed further in Experimental Methods, uses a diamond sam-
ple equipped with a pair of coplanar Au/Cr electrodes (500 x
500 um, 50 um spacing) fabricated on the oxygen-terminated di-
amond surface via photolithography (see Experimental Meth-
ods). The nitrogen and NV concentrations are 1 and 0.01 ppm,
respectively. A purpose-built confocal microscope enables two-
color optical illumination (532 and 633 nm) and charge-state-
selective imaging via collection of only NV~ fluorescence within
a limited band (691-731 nm). One of the electrodes is held at
a potential V, while the other connects to the ground via a low-
noise current preamplifier and lock-in amplifier in a standard
setup to detect photocurrent.?*3*] The voltage—current character-
istics of the device were found to exhibit the characteristic back-
to-back Schottky-diode shape of similar semiconductor-metal
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interface devices,** preventing efficient injection of charge into
the diamond from the electrodes. We thus generated a photocur-
rent inside the diamond using optical illumination and charge
cycling?®! of the NV centers, which injects free electrons and
holes into the conduction and valence bands of the diamond, re-
spectively. These freely-diffusing charge carriers are then trapped
by various defects, or drift toward the electrodes and are detected
as a photocurrent.’’] In the former case, and in the absence of
an electric field, positively-charged holes are efficiently captured
by negatively-charged NV~ centers, resulting in a characteristic
“halo”-like f (CCP) of NV and thus reduced fluorescence around
the illumination point in an NV~ -selective image. Combining
photoelectric detection with charge-sensitive imaging allows us
to then track where photocurrent flows when an electric field
is applied.

Prior to inducing the photocurrent, we use a two-step initial-
ization process to prepare the NV and nitrogen in the sample into
consistent charge states, as depicted in Figure 1a. The first step,
green initialization (GI) converts NV~ into NV0[202138] and N+
into N°,[39401 effectively erasing any prior charge patterns. The
second step, defocus preparation (DP) converts from NV° into
NV-38#4] and N° into N*,[*] leaving an NV~ /N* charge envi-
ronment upon which all experiments are conducted. While the
charge state of the NV center can be readily identified optically,
we infer the charge state of nitrogen created by the initializa-
tion protocols based on the presence of free carriers generated
by the scanning laser, as discussed below. Though other defects
are expected to play a similar role,[*?] we focus on nitrogen given
it is the highest abundance impurity in our sample. A full un-
derstanding of the charge environment we initialize necessarily
includes consideration of other defects, including vacancies, as
discussed later.

Briefly, in GI an 8 mW green laser beam is scanned a few mi-
crometers below the diamond surface over an (80um)? region. As
the laser scans, it drives rapid NV charge cycling that generates
electrons and holes which diffuse away almost symmetrically in
three dimensions. In the wake of the scanning laser, NV° is gen-
erated via hole capture by NV~,*¥] while we anticipate N° gen-
eration via electron capture by N*.3%4 GI serves to delete any
prior charge patterns mapped onto the diamond. Subsequently,
for DP initialization, the microscope objective is elevated 50 um
above the scanning plane and the process is repeated. This time,
however, the significantly lower intensity (10*~10° W cm™~2) sup-
presses NV charge cycling (as a two-photon process for green
light it is proportional to I%)[*] and thus only single-photon ion-
ization of nitrogen occurs, N° >N* + ¢~. The liberated electron
is prevented from being recaptured by N* due to the sustained
green illumination over the wide area of the defocused laser beam
and is eventually trapped by NV to form NV~. Thus, the DP step
initializes a charge environment dominated by NV~ and N*. Typ-
ical scans take 30 s to complete, and the electric field is off during
the initialization scans. Further details can be found in the Sup-
porting Information.

After initialization, we apply a —120 V bias voltage to the left-
hand electrode and position a focused green laser beam (8 mW,
1pum diameter) near the same electrode for a variable duration.
The position of the laser beam was chosen to maximize the mea-
sured steady-state photocurrent (see Supporting Information).
The green light is modulated at 80 Hz to facilitate lock-in detec-
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tion of the photocurrent, the modulation itself was not observed
to have any confounding effects on the measurements. While the
measured photocurrent is suggested to originate from various
sources,*] we verified that NV charge cycling in fact contributes
a significant fraction by performing a photoelectrically-detected
magnetic resonance (PDMR) measurement with an applied mi-
crowave field and measuring the optical power dependence of
the photocurrent (see Supporting Information). The presence of
a PDMR signal and an almost entirely quadratic dependence on
green optical power, characteristic of two-photon mediated NV
charge cycling under green light,3*3¢) confirms that NV charge
cycling injects a significant fraction of the photocurrent we mea-
sure in our experiments.

The charge carrier dynamics terminate immediately upon ex-
tinguishing the laser, and the photocurrent spatial dynamics up
to a given time are thus frozen in the charge distribution of the
NV centers. We then perform charge-sensitive imaging by scan-
ning a weak red laser (50 pW, 633 nm) over the same (80 pm?) area
with no applied electric field, which when sufficiently weak ex-
cites only NV~ fluorescence with minimal ionization. The charge
distributions created by the photocurrent experiment exhibit the
typical long-term stability observed in diamond(2-222>2644] due
to the lack of room-temperature carriers and remain unchanged
up to and during the 30 s long red readout scans. Imaging thus
reveals the spatial distribution of bright NV~ and dark NV?, and
therefore the flow of holes created during the photocurrent mea-
surement. The experiment is then repeated for the next photocur-
rent accumulation time, and a series of images is acquired that
maps out the time-dependent flow of photocurrent. Each image
pixel value is normalized to the peak NV~ PL count rate, typi-
cally 5x 10* counts s71, thus approximating the NV~ /NV? charge
state ratio.

In Figure 1b,c, we study the time dependence of the NV pop-
ulation and photocurrent, respectively. We first observe the char-
acteristic circular CCP of NV° that quickly grows to a radius of
10-15 um within the first 0.5 s of the photocurrent laser applica-
tion. This feature expands almost isotropically regardless of the
applied field and is driven by charge carrier diffusion and space-
charge effects.[**] As the photocurrent laser is held on, we observe
the formation of filamentary structures of NV° that connect the
CCP to the ground (positive) electrode. The formation of these
features correlates with sudden, distinct increases in photocur-
rent, indicating that hole photocurrent flows from the ground
electrode into the CCP via these channel-like filaments. Later, a
significant “breakdown”-like event is observed, corresponding to
an almost doubled photocurrent and complicated, unstable tem-
poral dynamics. We also studied how the photocurrent and fila-
ments depend on the position of the laser, laser power and ap-
plied electric field (see Supporting Information).

2.1. In Situ Device Characterization

The filamentary current channels are observed to nucleate from
specific regions of the ground (positive) electrode, and grow from
right to left, starting as dark patches near the electrode that
eventually reach out to join the CCP. In some cases, a match-
ing filament from the CCP is observed to join the approaching
filament from the electrode. In Figure 1d we shift the vertical
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position where the photocurrent beam is applied across the full
200 pum field of view of our microscope and observe consis-
tent sites where the filaments form, sometimes taking nontrivial
paths [e.g., Figure 1d-ii,iv)] to join to the source CCP. The onset
of filaments is always accompanied by a steep increase in pho-
tocurrent (inset).

A hint to the origin of these photocurrent filament channels
is found in the observed nucleation points along the electrode,
and a consistent nucleation point appears to be the top corner
of the right-hand electrode, where field bunching results in a
locally stronger electric field. We therefore hypothesize that fil-
aments nucleate — current is preferentially injected — at simi-
lar points of higher electric field strength along the electrode,
whether due to localized intrinsic interface defects, microscopic
damage or imperfections in the metal-semiconductor junction.
This latter point is of considerable interest, given the difficulty in
fabricating electrical contacts on diamond and the lack of existing
characterization techniques. We note that for all applied electric
fields in this work, estimated to be of order 10-20kV cm™, NV
electrometry!*>*1 could not detect any electric-field induced split-
tings or shifts. In contrast, optical measurement of the photocur-
rent via NV charge state conversion yields a striking and highly
specific in situ detection method for local electric field inhomo-

geneity.

2.2. Engineering Photoconductivity with Dark Impurities

We now draw special attention to the role of charge-state prepa-
ration, not just of the NV centers but of other, non-luminescent
defects in the diamond. Indeed, for the charge state of the NV
centers to be a non-perturbative detector of carrier transport, the
extent to which the probes affect the photocurrent dynamics must
first be understood. We first remove the DP step, which generates
the NV~ charge state, resulting in initialization into optically dark
NV°/NO. Figure 2a shows the photocurrent as a function of time
following initialization with and without DP, with almost twice
as much photocurrent observed without the DP step, and lack-
ing the intervening filament nucleation step. While this might
initially point to the NV charge state playing a significant role
in photocurrent transport, further investigation reveals the op-
posite. We introduce another step, consisting of a 300 uW red
(633 nm) scan (RS) that follows either GI or DP. Illumination
with weak red light results in one-way ionization of the NV~ to
NV 41 but with a photon energy of 1.96 eV, below the 2.2 eV
photoionization threshold of N°,[*®! the red light leaves the nitro-
gen charge state unchanged.

In Figure 2a we compare the previous initialization stages with
the addition of a RS step. Notably, the photocurrent is unchanged
following initialization to NV~ and subsequent ionization with
red scanning, and essentially identical when a red scan follows a
Gl-only initialization. The nearly identical photocurrent profiles
correlate with the expected nitrogen charge state and confirm the
NV plays a negligible role in the photocurrent dynamics, serving
only to detect the spatial distribution of holes.

Photocurrent appears to flow readily in N-rich regions, and
less so in N*-rich regions. Rather than scanning across the whole
inter-electrode region, we can optically engineer specific regions
by “painting” patterns of NV/N° with green light. In Figure 2(b),
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we scan a green laser beam with power P, horizontally between
the electrodes, making a conducting channel with the width set
by P,,: as the channel is widened with increasing power, the time
taken for the photocurrent to reach the same saturation value de-
creases. The time-dependence mirrors the signatures of filament
formation, with a characteristic step in photocurrent signal occur-
ring at earlier times as the channel width, effectively an artificial
filament, is increased. Similarly, in Figure 2c, we paint a vertical
line parallel to the right-hand electrode. Now, filaments form be-
tween the source CCP and the painted region, accompanied by
the same photocurrent signatures observed for filaments formed
between the CCP and the bare electrode. Interestingly, this obser-
vation implies the processes that drive filament nucleation at the
diamond-electrode interface are replicated in the defect charge
environment following green laser application, which we assume
generates N° in its vicinity.

2.3. 3D Imaging of Photocurrent Flow

The electrical conductivity of diamond is strongly dependent on
the surface chemistry,*! which can also be modified by light.[*?!
An important question then arises as to whether the surface of
the diamond plays a significant role in our own experiments.
Due to the lateral electrode geometry of our device, the electric
field strength decreases linearly with depth (see Supporting In-
formation), meaning the strongest carrier drift is found at or near
the surface. We extended our photocurrent imaging scheme into
three dimensions (Figure 3a) by incrementally changing the z-
plane where the red readout scan is performed, with all other opti-
cal manipulation steps as before. To probe the depth dependence
of photocurrent transport, we first apply a green laser beam (P =
1.2 mW, for 0.5 s) 15 pm below the surface of the diamond and
10 um from the ground electrode to generate an isolated, “target”
CCP, analogous to the painted regions depicted in Figure 2b,c
though entirely separate from the electrodes. 3D charge-sensitive
confocal scanning (Figure 3a,b) reveals the characteristic shape of
the CCP, consisting of a spherical region of dark NV° punctured
by the conical regions exposed to the entering and exiting laser
beam, which remain NV~.[*1]

With the target CCP in place, we made a photocurrent mea-
surement as before, with the “source” laser positioned 7.5um
below the surface for a varied time t,. Figure 3b shows a se-
quence of 3D maps of the resulting NV distributions follow-
ing variable time photocurrent laser measurements. As time pro-
gresses, we see filament formation extending more than 10 ym
into the diamond bulk prior to the onset of photocurrent break-
down. More significantly, we observe a distinct, isolated filament
form to join the source and target CCP. These measurements
show unambiguously that the photocurrent spatial dynamics
result from charged defects inside the diamond bulk, rather
than surface conduction effects. Prior to formation of a connect-
ing filament, the target CCP bulges toward the photocurrent-
induced CCP (see accompanying videos in the Extended Data).
This observation, while in concordance with our measurements
showing filament nucleation from both the bare electrodes and
the “painted” regions in Figure 2c, is unexplained, as the “tar-
get” CCP appears to be fully disconnected from the ground
electrode.
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Figure 2. Optically engineering the initial conductivity. a) Three optical preparation steps control the charge state of NV centers and nitrogen impurities
between the electrodes. Gl prepares mostly NV© and N° due to charge cycling and carrier capture, DP creates NV~ and N* while an RS scan ionizes
NV~ and leaves N° and N* untouched. Photocurrent measurements following initialization steps are independent of the NV charge state, but strongly
dependent on the assumed N charge state. b) Drawing horizontal or c) vertical paths with a varied-power green laser defines conductive channels, with
wider horizontal channels resulting in greater photocurrent generation, and wider vertical channels parallel to the negative electrode nucleating filaments

at earlier times, with concomitantly higher photocurrents.
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Figure 3. 3D-spatiotemporal mapping of photocurrent flow. a) lllustration (bottom) and protocol (top) for time-resolved 3D photocurrent imaging with
charge-sensitive microscopy. Here, a “target” CCP is generated with a 0.50 s, 1.2 mW laser park 15 um below the diamond surface. Varying the z-plane
where the x-y confocal scan is performed reveals the near-spherical shape of the target CCP, which is fully disconnected from the metal electrodes
(the dark sections on the sides are the result of shadows cast by the electrodes). b) Applying an opacity mask to display only the NV® concentration,
we reveal the full 3D spatiotemporal dynamics of photocurrent generation, filamentation and breakdown. The source photocurrent laser is applied for
time t, 7.5 um below the surface, the uppermost z-position corresponds to z = 5 um below the diamond surface. We note the distortion and eventual
filament nucleation from the target CCP, 15 um below the surface. c) A simple cartoon model of filament formation and corresponding photocurrent
accumulation. i), electrons generated by the photocurrent laser drift under the applied field, being captured by N* and consequently forming channels
of N? ii) that act as conduction pathways for holes, at later times individual filaments are washed out and hole flow saturates iii). The proposed role of

the target CCP in this picture is to gather and bunch hole trajectories toward the CCP, which explains the bulging observed in (b).

3. Discussion

Our measurements provide an intricate picture of the origin and
phenomenology of photocurrent propagation in diamond. We
first note that holes appear to cross the metal-diamond junc-
tion of the ground electrode and converge toward the CCP, first
as channel-like filaments and then as a breakdown-like flow
that converges toward the CCP in a broad “V”-like shape. To
understand this, we must again take into consideration that
the charge state of nonfluorescent defects has a significant ef-
fect on the spatio-temporal dynamics of the current flow. While
holes travel from right to left in images such as Figure 1b
and leave visible evidence in the form of NV°, electrons are
to be assumed to follow similar, unseen trajectories but from
left to right. Electrons generated by the photocurrent laser re-
main invisible to our imaging technique, as the dominant in-
teraction expected is captured by N*, which does not change
the NV fluorescence but does affect the charge transport rate.
From Figure 1d, hole injection is observed to occur at spe-
cific, reproducible regions of the ground electrode, and we ex-
pect that these same sites also attract electron flow toward re-
gions of stronger electric field. Electrons create channels of N°
as they are drawn to these defective sites, and then build up on
the diamond-electrode Schottky interface. Eventually, sufficient
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negative charge buildup occurs to reduce the Schottky barrier
height and facilitate hole (minority carrier) injection,*®! which
in turn preferentially flows along the channels passivated by the
electrons.

We can thus posit a model where charged impurity scatter-
ing sets the electron and hole mobilities and the filaments are
first traced by electrons propagating away from the photocurrent
laser beam, as depicted in Figure 3c. Open questions remain as to
the microscopic charge environment, and whether the nitrogen
is initialized into a positive charge state alone (as an optically-
defined space-charge region), or compensated by electron cap-
ture by neutral defects such as neutral vacancies V°.°!l In the
latter case, the charge environment is neutral, though possesses
equal numbers of ionized impurities acting as electron and hole
traps, resulting in the observed impeded current flow. In both
pictures, carrier capture drives the charge environment toward a
state composed of neutrally-charged defects (N°, V°) which re-
sults in higher carrier mobilities. The time-dependence of the
photocurrent, which resembles the archetypal case for extrin-
sic, defect-mediated photoconductivity!®?! offers further insights.
Given a significant photocurrent flows before any filaments are
observed optically, we can deduce that the initial photocurrent
is due to electrons, which gradually passivate the N* population
that impedes hole flow. With a high hole mobility corridor of N°
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connecting the CCP to the electrode, hole current now flows and
is observed through charge state conversion of the NV centers.
We now apply our model to explain the phenomenology ob-
served in Figures 2c and 3b. Of particular note is the somewhat
anomalous finding that an isolated target CCP appears to bulge
or distort in the direction of the photocurrent CCP. We note that
no bulging or distortion is observed for an equivalent experiment
without the applied electric field, or without the photocurrent
laser but with an applied field. Due to the very short carrier life-
time (~1 ps),>3 no free charge is stored in the isolated target CCP,
which is created several seconds before the photocurrent beam
is turned on. We propose that the isolated target CCP acts essen-
tially as a focal point first for electron current, which is drawn to
the isolated region of NV°/NC in the same way as it is focused
on defective sites along the electrode and the painted regions in
Figure 2c. This in turn attracts holes, which flow along various
defect-nucleated paths from the electrode toward the target CCP.
Here, the paths bunch up, resulting in a higher hole concentra-
tion and stronger NV signal than closer to the positive electrode.
Further work is needed to fully understand this observation.

4, Conclusion

Our work demonstrates a powerful new measurement modal-
ity for the study of charge transport in a semiconductor, and
poses questions that motivate an improved understanding of
photoelectric physics in wide-bandgap materials. In this work,
we have focused on diamond, which is arguably the most tech-
nologically mature platform for our technique, possessing well-
characterized photochromic defects which are stable at room-
temperature, while also being the ultimate material for high-
power electronics.[’~1?1 With further work, our method could be
extended to materials more advanced in terms of power-efficient
semiconductor applications which host similar optically active
defect centers,[** i.e., SiCP®) or GaN.[*®l In addition to offering in-
sights into charge transport physics, the results described in this
work can also be applied to the generation and stabilization of
color centers in quantum materials, such as group-IV centers in
diamond®”! or boron-vacancies in hBN,[*8] where charge transfer
between defects can be mediated by injected carriers.*! Focus-
ing on diamond, our work has immediate implications for the
photoelectric detection of NV centers.[®061] Photoelectric detec-
tion of NV magnetic resonance promises fully-integrated sensors
unconstrained by the diffraction limit and limitations of optical
collection efficiency.l® Indeed, the complicated spatial dynamics
of photocurrent we measure here are at play, unseen, in many
photoelectric detection schemes. Similar issues are encountered
in diamond radiation detectors, where impurities capture charge
carriers generated by high-energy particles,!®?] leading to space-
charge effects that impact performance. However, photocurrent
cannot be spectrally filtered like photoluminescence, and the car-
rier capture by other defects we observe here translates to re-
duced photocurrent yield. Both these points are addressed in our
work, where we show careful control of the nitrogen charge state
yields significantly enhanced photocurrents, and observation of
filament formation allows us to attribute sources of photocurrent
injection to the electrodes rather than from a particular defects.
Our method could also be applied to the case of mapping pho-
tocurrents generated from single defect centers!®! with single
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defect centers,[222*1] or with further work to the much larger
currents present in operating wide-bandgap semiconductor de-
vices. More ambitiously, optical manipulation of specific defect
concentrations and regions could be used to create junctions, cur-
rent pathways, interconnects and potentially even entire optically-
defined devices using charged defects.

5. Experimental Section

Electrode Fabrication: Square 500 x 500 um electrodes were fabricated
following a photolithographic patterning and lift-off process. The diamond
substrate was first cleaned by boiling in a 1:20 (by weight) mixture of
sodium nitrate and sulfuric acid for 20 min followed by a 10 min immersion
in piranha etching solution at 90°C and subsequent ultrasonic immersion
in deionized water. The sample was coated with image-reversal photore-
sist (AZ1514E - MicroChemicals GmbH) by spin-coating. After baking to
remove resist solvent, the sample underwent a brief flood exposure under
a standard mercury vapor lamp in a mask aligner (Quintel), after which
the sample underwent image-reversal baking in order to partially crosslink
the uppermost layer of the resist film. Electrode patterns were then writ-
ten on the sample using a direct-write UV lithography system (POLOS
NanoWriter), after which the resist was developed in AZ 726 MIF devel-
oper for 90 s. The crosslinked upper layer of resist results in an undercut
sidewall profile, thereby allowing for evaporation and lift-off to create the
electrodes. The sample was exposed to oxygen—argon plasma in a bench-
top plasma ashing system (Diener Femto) for 30 s to remove photoresist
residues from the sample surface prior to electron-beam evaporation of
a 15 nm/100 nm Cr/Au stack. Lift-off was performed by ultrasonication
in acetone followed by deionized water. No post-fabrication annealing of
the electrodes was performed, and the sample preparation steps leave the
diamond with an oxygen-terminated surface.
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