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Magnetic imaging with nitrogen-vacancy centers in diamond, also known as quantum diamond
microscopy, has emerged as a useful technique for the spatial mapping of charge currents in solid-state
devices. In this work, we investigate an application to photovoltaic (PV) devices, where the currents are
induced by light. We develop a widefield nitrogen-vacancy microscope that allows independent stimulus
and measurement of the PV device, and test our system on a range of prototype crystalline silicon PV
devices. We first demonstrate micrometer-scale vector magnetic field imaging of custom PV devices illu-
minated by a focused laser spot, revealing the internal current paths in both short-circuit and open-circuit
conditions. We then demonstrate time-resolved imaging of photocurrents in an interdigitated back-contact
solar cell, detecting current buildup and subsequent decay near the illumination point with microsec-
ond resolution. This work presents a versatile and accessible analysis platform that may find distinct

application in research on emerging PV technologies.
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I. INTRODUCTION

Continued progress in photovoltaics technology criti-
cally relies on the development of alternative techniques to
characterize photovoltaic (PV) materials and devices [1].
In particular, defects, carrier recombination sites, and shunt
resistances limit the power-conversion efficiency of PV
modules [2,3], requiring spatially resolved investigation
methods. To this end, a widely used technique is light-
beam-induced current mapping (LBIC), which measures
the total photocurrent output by a device as a function of
the position of a focused laser spot [4—6]. While invalu-
able as a nondestructive tool to characterize efficiency
variations across a PV module, LBIC necessitates a fully
contacted device, and quantitative analysis of spatially
localized carrier recombination events can be difficult as
the technique measures a (spatially integrated) net current.
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Thermographic and luminescent [7] techniques are alterna-
tively employed to detect defects [8] through mapping of
locally dissipated power and the internal voltage (quasi-
Fermi-level splitting), respectively. These techniques do
not always require contacts, but as with LBIC extracting
quantitative spatially resolved information is a challenge.
A potentially more direct way to gain insight into local-
ized sources of inefficiencies or to measure device prop-
erties is by directly resolving the spatial distribution of
charge flow (current) within the device. Such a mapping
technique can be achieved, at least partially, using mag-
netic current imaging (MCI) [9,10]. MCI measures the
stray field in a parallel plane to the sample, linked to
the current density through the Biot-Savart law, and thus
can be performed without contacting the device. In PV
applications, the magnetic field map is measured using a
scanning sensor such as a magnetic tunnel junction [11,12]
or a Hall probe [9]. The sensor is often millimeter-sized,
enabling imaging of whole cells or modules for fault detec-
tion [9,10]. Smaller sensors can map magnetic fields with a
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submicrometer resolution [13], but at the cost of mechan-
ical delicacy and reduced sensitivity [14]. These sensors
also cause optical shading, which has hindered their adop-
tion for detailed quantitative analysis of PV devices.

In this work, we employ a recently developed technol-
ogy, quantum diamond microscopy (QDM), as an alter-
native method for realizing MCI of PV devices. QDM
exploits an array of optically addressable quantum sensors
[nitrogen-vacancy (N-V)) centers] in diamond to generate a
magnetic field image via optically detected magnetic res-
onance (ODMR) spectroscopy [14—16]. Compared with
other magnetic imaging techniques, QDM presents several
advantages appealing for PV applications. QDM allows
high-sensitivity calibration-free vector magnetic field map-
ping, ideal for accurate analysis of current distributions.
It offers diffraction-limited spatial resolution (down to
400nm) over a wide field of view (up to several mil-
limeters) in a robust imaging platform (no scanning) with
good versatility to different operating conditions [14]. Of
note, the diamond sensor is transparent, allowing illumi-
nation on the same surface of the cell as the mapping,
without shading. QDM therefore appears promising as a
tool for minimally invasive quantitative characterization
of PV devices at the micrometer scale, for instance to aid
the analysis of recombination processes at defects or near
contacts.

QDM has previously been applied to MCI in the con-
text of (nonphotoactive) solid-state devices, including
small-scale (microns to tens of microns in size) graphene
[17-19], and superconducting devices [20] as well as
larger (order millimeter) integrated circuits [21-23]. Addi-
tionally, a recent investigation has used QDM for spa-
tiotemporal mapping of photothermal vortices in MoS;
[24]. However, so far the technique has not been used
to map the photoresponse of a PV device. Here we use
QDM to image magnetic fields induced by local laser
illumination in crystalline silicon PV devices. We first
describe the experimental design and measurements proto-
cols employed, before presenting results under both short-
circuit and open-circuit conditions, illustrating how cur-
rents can be detected including closed loops entirely within
the device. We then demonstrate time-resolved imaging,
allowing us to track the evolution of the current distribu-
tion upon illumination by a laser pulse. We finish with a
discussion of the challenges and opportunities for further
application of QDM to PV research.

II. EXPERIMENTAL METHODS

A. Experimental setup

The principle of the experiment is depicted schemati-
cally in Figs. 1(a) and 1(b). A diamond containing a thin
layer of nitrogen-vacancy centers is placed atop a solar
cell. Charge carriers are excited in the bulk of the cell with
an infrared (IR) laser (A = 854 nm, “PV laser”), which

are extracted by the hole-selective and electron-selective
contacts (HSC and ESC, respectively). This selectivity
instantaneously produces an electric dipole across each
junction. The separated carriers then follow all return paths
to equilibrate this dipole, distributed according to each
path’s potential and resistance [25]. One of these return
paths is the circuit outside the device (i.e., the load; here
called the “external path), though additional loops may
form within the device itself (“internal paths,” or shunts)
[Fig. 1(b)]. We refer the reader to Ref. [25] for a detailed
analysis and discussion of the current flow in locally
excited semiconductor devices with carrier selectivity. In
the presence of this selectivity, the photoexcited charge-
carrier flow produces a net current, which in turn produces
a magnetic field. The goal of the experiment is to image
these current-induced magnetic fields, utilizing proximal
N-V centers as vector magnetometers, and then to recon-
struct the source current density. The N-Vs are excited
with a green laser (A = 532 nm, “N-V laser”), and their
spin state read out via their red photoluminescence onto
a camera. Quantitative magnetic imaging is achieved by
sweeping the frequency of an applied microwave field to
obtain an ODMR spectrum [16]. A bias magnetic field is
applied such that its projection onto each of the four N-V
orientations in the diamond are distinct. In this way, the full
vector field can be calculated from the measured projection
of the sample’s stray field onto each N-V orientation [26]
(see Appendix D).

The devices probed in this work are crystalline-silicon
(c-Si) solar cells in which both contacts are placed on
the rear of the cell [top side in Fig. 1(b)]. This so-called
back-contact architecture is commonly employed in com-
mercial solar cells to maximize light coupling into the
¢-Si absorber under normal front illumination [27] [bot-
tom side in Fig. 1(b)]. The back-contact design also serves
as a convenient test system for our experiment as it results
in significant lateral transport, whereas the simpler sand-
wich design (one contact on either side of the absorber)
is dominated by vertical transport, which is more difficult
to probe using external magnetic field measurements. Here
we mainly use back illumination, which allows us to eas-
ily focus a laser spot at a known location in the plane of
the contacts, thus providing a relatively simple scenario
facilitating analysis in this proof of concept. However,
front illumination is also possible as we demonstrate in
Appendix G, and in principle our method can accommo-
date any illumination distribution (including uniform over
the full cell area).

Figure 1(c) shows a photograph of custom PV devices
used in our experiments (see fabrication details in
Appendix B), featuring a simple contact geometry. The
diamond chip placed on top is 2 x 2 mm? in size,
which sets the maximum field of view achievable. The
diamond-PV device assembly as mounted in the optical
microscope is shown in Fig. 1(d), with the MW loop
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FIG. 1. Imaging PV cells with a quantum diamond micro-
scope. (a) Schematic of experiment. A diamond containing a thin
N-V layer is placed on top of the PV cell. The PV cell is stimu-
lated with an infrared laser (pink dashed beam), while the N-Vs
are controlled with a green laser (green beam). The N-Vs are
readout via their photoluminescence (red beam) onto a camera.
Magnetic imaging is achieved through measurement of the N-
J”s magnetic resonance in a process termed optically detected
magnetic resonance (ODMR; inset). (b) Measurement geome-
try. The PV laser excites a current in the device (black arrows),
which produces a magnetic field that is measured by the prox-
imal N-V layer. Excited charges are collected selectively at the
hole/electron selective contacts (H/ESC). (c¢) Photograph of dia-
mond sensing chip on top of custom silicon PV device. (d) Wider
view of sensing geometry, showing the microwave (MW) loop.

antenna visible between the device and the microscope
objective.

B. Measurement protocol

One challenge of applying QDM to interrogate a PV
device is that the N-J laser may induce additional pho-
tocurrents and therefore perturb the device under study.
One solution is to add a metal coating to the diamond so as
to obstruct the N-V" laser [28], but this laser shield would
restrict illumination to the front face of the PV device.
Alternatively, it is possible to account for the effect of the
N-V laser by separating in time the PV excitation from the
N-V readout.

The protocol we implement is depicted in Fig. 2(a),
which shows the pulse sequence (repeated continuously)
and the expected time evolution of the photocurrent
induced by both lasers. The PV device is first excited by
an IR pulse during which a photocurrent builds up. A MW
pulse is applied to probe the |0) <> |%) spin transitions of
the N-Vs [Fig. 1(a); inset]. This MW pulse encodes the

magnetic field information (contained in the spin-transition
frequencies via the Zeeman effect) into the N-Vs, which
can be read out at a later time (limited by the N-V spin
lifetime, T3 ~ 1 ms). The green laser pulse subsequently
reads out the N-V’s” spin state, exploiting the fact that the
photoluminescence of the |0) state is brighter than that of
|£) [16], and reinitializes the N-V’s into the |0) state. But
this readout pulse also induces an additional (incidental)
photocurrent. A dark time is therefore inserted after the
readout pulse and before the next IR pulse begins, to allow
this photocurrent to fully decay and the device to return to
equilibrium.

The photocurrent measured externally with an oscillo-
scope during the pulse sequence is shown in Fig. 2(b) for
the device of Fig. 1(c). One can see that the photocur-
rent reaches a near equilibrium at the end of the 20-us IR
pulse, and decays over a similar time scale. The green pulse
(200 ws) induces a current amplitude half the IR pulse and
exhibits a similar rise and fall time. Here we use a dark
time of 100 us between the green and IR pulses, which is
sufficient to efficiently separate the two stimuli.

We note that the MW encoding pulse is short (approxi-
mately equal to 300 ns) compared to the dynamics of the
current, which allows us to perform stroboscopic imaging.
We initially place the MW pulse at the end of the IR pulse
where the photocurrent is largest as shown in Figs. 2(a) and
2(b), leaving a time-dependent study for Sec. V. For each
measurement, a reference image is acquired without the IR
pulse, to normalize out any other field contributions. This
process is undertaken in parallel for all pixels of the image
and integrated over hours to improve the signal-to-noise
ratio.

III. SHORT-CIRCUIT CURRENT MAPPING

The photocurrent-sensing protocol is first employed on
a simple custom device with an interlocking trident geom-
etry, shown in Fig. 1(c). It is comprised of an intrinsic
¢-Si bulk absorber, on which MoO, (hole-selective), LiF
(electron-selective), and aluminum (metallization) layers
are evaporated. The device is then contacted with alu-
minum wirebonds, and connected in short circuit for the
QDM measurements or through a digital oscilloscope
(50-2 impedance) to calibrate the pulse sequence
[Fig. 2(b)]. A photoluminescence map of the N-J layer
above the device is shown in Fig. 2(c), along with exam-
ple vector magnetic field measurements (here B, and B,
components are shown) in Figs. 2(d) and 2(e).

The Orsted magnetic field generated by the current J(r)
is described by the Biot-Savart law

Br) = X

! /d3r’ J) x (r — r/)’ M
4

r—r'3
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FIG. 2. Photocurrent sensing protocol. (a) Stroboscopic pulse sequence used for magnetic photocurrent sensing. The sequence is
only sensitive to magnetic fields during the MW pulse (duration 325 ns), which is aligned with the back of the excitation pulse
where the photocurrent is expected to be largest. The green readout laser is temporally separated from the IR excitation laser to
isolate the current produced by the later. Note the IR laser has no effect on the N-Vs, and any IR reflections are filtered before
reaching the camera. (b) Electrically measured photocurrent through the pulse sequence, illustrating the temporal separation between
pulses. The region sensitive to magnetic fields is again annotated. (c) PL image of the sample photographed in Figs. 1(c),(d). Dashed
lines indicate the extent of the contacts (red, ESC; blue, HSC). The IR excitation location is illustrated in pink. (d),(e) Vector magnetic
field images taken in the same position as in (a), under short-circuit conditions. These maps are calculated via imaging with an IR
pulse as in (a), subtracted from an image taken without the IR pulse to remove contributions to the magnetic field not produced by
the photocurrent. The coordinate system is indicated in (c). Dashed lines indicate the extent of the contacts. (f) Current-density map
converted from the magnetic field images in (d),(e) (see text for details). Color indicates the magnitude of the current density (capped
to 40 A/m for clarity), with the streamlines providing vector information where |J,p| > 10 A/m. A pink circle indicates the position of
the IR excitation. (g) Current density image taken in the same conditions as (f), except in open-circuit conditions. The apparent current
in the top left is an imaging artifact due to poor signal at the edge of the green illumination beam. Note the color scale has half the

range of (f).

where (o is the vacuum permeability and the integral
is over all space. In general, there is no unique solu-
tion for J(r) when the current extends over a three-
dimensional (3D) volume, as is the case here (the light
penetrates some depth into the absorber, and the current
paths extend throughout the entire thickness). Nevertheless

under appropriate assumptions it is possible to extract use-
ful information using knowledge of the source or sample
geometry [29]. However, such 3D reconstruction meth-
ods are beyond the scope of this work. Instead, here we
make simplifying assumptions that allow us to represent
the current density in a two-dimensional (2D) form.

014041-4
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If the current is confined to a 2D plane, the current
density is reduced to Jop = [Ji(x,y),J,(x,y),0] and we
can invert Eq. (1) in Fourier space (taking the unitary, —i
convention) [30,31]

B., B Jo = —eb, 2
( v y) ~ \7); = +O(Bx. ( )

Here J (ky, k,) is the Fourier-space (2D) current density,
B(ky, k,) is the Fourier-space magnetic field at the N-V/
plane, k, and k, are the in-plane angular wave numbers

with k = /k? + k2, and « = 2¢** /g for a sample-sensor

offset distance of A. This method employs the in-plane
field components, utilizing the vector capability of our
ensemble measurement (discarding B.); see Appendix E
for a discussion of reconstruction methods. Moreover, we
can further simplify Eq. (2) by taking the limit kA — 0,
which is valid here except for the highest spatial fre-
quency of the image (of order the inverse of the pixel
size, see Appendix E). Making this simplification removes
any amplification of high-frequency noise as well as any
artefacts arising from Fourier transforms. Indeed, Eq. (3)
becomes a simple scaling of the magnetic field to current
density units, in real space,

2
J2D = _(ByaBXJO)‘ (3)
o

Figure 2(f) shows the resultant current density map, show-
ing the expected pattern: conventional charge current flows
from the ESC to the HSC, via the illumination point in the
absorber. The current flowing in the contacts is approx-
imately conserved throughout the image, but appears
reduced at the illumination point (little apparent current
flowing between ESC and HSC). This apparent reduction
is expected: the current is highly delocalized in z mirroring
the stimulus absorption distribution, with a significant J,
component that is not well captured by our simple model.
In fact, the apparent lack of conservation of current in the
Jop map provides a signature of the 3D nature of the trans-
port locally, and may form the basis for more sophisticated
analysis methods for this scenario.

IV. OPEN-CIRCUIT CURRENT MAPPING

We now investigate the presence of internal current
paths under open-circuit conditions. Figure 2(g) is taken
under identical conditions to Fig. 2(f), except that the
device is disconnected from any load. The signal is signif-
icantly reduced and displays notably different qualitative
behavior. Note that no current is measured to be injected
from the left of the image, i.e., the current is not flow-
ing through the external circuit. The picture is complicated
by complex contact geometry, and the presence of both

electron and hole selectivity whose local directionality add
together. This directionality can be seen at the excitation
location, where conventional current flows from the ESC
to the HSC and increases the distance of the return paths.

To simplify analysis and verify the existence of these
internal current loops we now image isolated solo contacts.
In Fig. 3 we image an HSC under two different IR stimulus
positions. The top row [Figs. 3(a)-3(e)] is a measurement
with stimulus near the top of the contact. We present all
components of the magnetic field in Figs. 3(b)-3(d) to
show they are self-consistent: they indicate a strong cur-
rent in the HSC in —p away from the illumination point,
and a dispersed current in the bulk [see Fig. 3(e) for the
reconstructed current density map]. We divide the possible
return paths into two classes based on the sign of J, in the
contact, shown schematically in Fig. 3(f). The “positive”
path current has a lower magnitude as the photogener-
ated excess carriers have less space (i.e., contact area) on
this class of return route, and thus fewer paths and higher
resistance [25]. The current noticeably decays within the
contact as it flows away from the stimulus, which in prin-
ciple can be used to estimate the carrier (holes in this case)
diffusion length. A measurement is then taken with the
illumination position moved down the contact towards the
(unbonded) bonding pad, to illustrate a case of increased
symmetry [Figs. 3(h)-3(j)]. The associated current map
[Fig. 3(k)] has a more pronounced “positive” path current,
and the return flow through the bulk absorber is more evi-
dent. The equivalent schematic to Fig. 1(b) can be drawn
for this context, with two internal loops of opposite helicity
within the one contact [Fig. 3(m)].

These open-circuit experiments illustrate a useful aspect
of MCI, which can detect internal current loops without
the need for an external circuit. Importantly, these inter-
nal loops correspond to shunt resistances, which, in normal
solar cell operation, cause a loss of energy conversion effi-
ciency. A tool allowing direct observation of these internal
loops may therefore aid research into PV materials and cell
designs.

V. SPATIOTEMPORAL CURRENT MAPPING

Advancing from test devices, we now analyze a larger-
scale (2 x 2 cm?) ¢-Si solar cell with high efficiency
(24.4% measured for a similar device [32]) [Figs. 4(a) and
4(b)]. This device features a conventional interdigitated
back-contact geometry (see Appendix B), alternating ESC
and HSC contact fingers with 50/180 um width. Figure
4(c) schematically depicts the predicted current path: an
internal loop (green dashed) at the end region of the closest
ESC contact to the illumination (charges flowing antipar-
allel to the external loop), and a broader distribution as
the charges are collected over a larger surface area. A PL
image of the device and the illumination position is shown
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Imaging closed return currents in an isolated hole-selective contact (HSC). (a) Photoluminescence image of the sample. The

device is not electrically contacted. The IR excitation location is illustrated in pink. (b)~(d) Vector magnetic field images, taken under
the same pulse sequence as in Fig. 1(b), normalized via an image taken without the IR pulse. (e) Current-density map calculated from
(b)~«d), with black streamlines showing vector information for the large magnitude regions. Low current density magnitudes are shown
with gray streams to indicate the return path in the intrinsic region. (f) Schematic of imaging geometry, indicating excitation location
and theoretical return current paths. (g)—<(1) Images similar to (a)—(e), taken with IR excitation further down the contact, indicating the
dependence of the current flow on the return path’s resistance. (m) Schematic of internal current loops for a single isolated contact.

in Fig. 4(d); red (blue) dashed lines outline the extremi-
ties of the electron (hole) selective contact, which are all
connected at the top (bottom) (£y) via a large busbar. Ini-
tial field maps [Figs. 4(e) and 4(f)] follow the hypothesized
pattern; the red region at the bottom of Fig. 4(e) represents
current flow up in the dead-end ESC finger, while the larger
downward flow (blue) is from the central ESC to the left
HSC, across the point of illumination.

As previously mentioned, the strobosocopic nature of
the measurement protocol allows for temporal information
to be extracted by changing the position of the MW pulse
relative to photoexcitation. To illustrate this capability, we
display images taken at different times [Figs. 4(g)>4(k)],
as depicted schematically below each image in Fig. 4(1)
the complete time series is shown in Appendix 1. Here we
use a measurement taken immediately before the IR pulse
as a reference for all images in the series, unlike the pre-
vious figures that required one reference measurement per
image. Figures 4(g)>4(k) thus represent the difference in
current density from what is present immediately before
the IR pulse, including any effects with longer timescales.
Overall the images follow a trend that appears largely sim-
ple: the current density builds up during the IR pulse and
subsequently decays, conventional current flows from the
ESC to the HSC predominantly through the excitation spot
and appears roughly conserved (spatially) throughout.

However, on closer examination, more subtle aspects
of the device’s dynamics are revealed; for instance, the

current in the dead-end ESC finger is seen to peak after the
end of the IR pulse [compare Fig. 4(j) with Fig. 4(i)]. To
exemplify how spatially dependent dynamics can be quan-
tified, we take horizontal linecuts [annotated in Fig. 4(k)]
200 um above the illumination point, the results for each
image are shown as separate series in Figs. 4(m) and 4(n).
The full field of view [FOV; maroon linecut in Fig. 4(m)]
data shows a large central feature corresponding to the
ESC contact, with smaller signals in the other contacts.
There is a noticeable pattern of negative features, indica-
tive of return currents. Focusing on the large feature at the
ESC [green linecut, Fig. 4(n)] identifies the current tran-
sience. Numerically integrating these linecuts, and plotting
as a function of time [Fig. 4(0)] allows us to compare the
imaged current with that measured externally by a dig-
ital oscilloscope. Both the FOV and local curves show
roughly the same overall shape as the electrical measure-
ment, but with some noticeable differences. In particular,
the MCI-deduced current rises more sharply and after a
delay of 510 us compared to the electrically measured
current, which can be understood as the latter includes car-
riers traveling some distance in the absorber, only reaching
the contacts north of the linecuts’ position. Furthermore,
the nonmonotonic decay after the end of the IR pulse, as
well as the magnitude of the FOV measurement (exceeding
the electrically measured current) are the result of complex
dynamics of internal return paths. While a full analysis
is beyond the scope of this work, these measurements
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FIG. 4. Spatiotemporal imaging of a lab-scale PV cell. (a) Image of diamond on PV cell. The device is an interdigitated back
contact (IBC) cell, illuminated (and imaged) from its back. The hole-selective (blue; wide) and electron-selective (red; thin) con-
tacts are labeled. (b) Wider view of diamond chip placed on the cell. (c) Schematic of the cell with IR excitation location shown in
pink. Theoretical current paths under short-circuit conditions are annotated: black for the external path, green for an internal loop.
(d) Photoluminescence image of the device under test, annotated with the extent of the contacts via dashed lines, and the excitation
region with a pink circle. (e),(f) In-plane magnetic field component maps, taken at T = 20 us. (g)—(k) Current-density maps, each taken
under the same conditions, except for the position of the MW pulse relative to the excitation pulse, each normalized by the equivalent
pulse sequence before excitation. As the MW pulse encodes the current-induced magnetic information, moving its position relative
to excitation allows temporal imaging of current dynamics. (1) Timeline of images taken, from an origin T = 0 us equivalent to the
MW pulse being immediately before the IR excitation pulse. A schematic of the pulse sequence for each image in (g)—(k) is shown.
(m) Linecuts of J, () across the full imaged field of view (approximately equal to 1 mm), for the position indicated by the maroon
dashed line in (k), for each image in (1). (n) Equivalent linecuts to (m), but shorter in extent, as indicated by the green dashed line in
(k). For both (m),(n), the color of each scatter series indicates the image it is taken from, as indicated in (). (0) Each series in (m)
and (n) (maroon and green) is integrated to produce the net ()) current, as a function of time. These series are plot against time, and
compared to an electrical (full-device, external current only) measurement (blue line). The dashed lines below the plot identify each
image, according to the scheme in (1).
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illustrate the benefit of MCI as a quantitative tool to study
the spatiotemporal dynamics of charge transport in PV
devices.

VI. DISCUSSION

In this report we demonstrate magnetic current imag-
ing of crystalline-silicon photovoltaic cells with a quan-
tum diamond microscope. Compared to other methods to
realize MCI, this platform offers generally superior field
sensitivity for imaging at micrometer scales [14], is rel-
atively simple to implement and robust to operate given
the absence of moving parts, and is not subject to optical
shading. The accessibility of the technique can be further
improved by automating the positioning of the diamond
sensor near the device’s surface [33], alleviating the need
for the user to handle the diamond directly. The size of
typical diamond substrates and laser intensity requirements
limits the field of view to a few millimeters at most [22],
although imaging over centimeters is in principle achiev-
able via image stitching. However, as the carrier diffusion
length in PV semiconductors rarely exceeds a few hun-
dreds of micrometers (e.g., in ¢-Si solar cells), the QDM
platform appears well suited for fundamental studies of PV
devices under localized excitation, in which case all the
relevant physics can be captured in a single image. Imag-
ing a small region of interest (approximately 1 mm?) of
a commercial solar panel (approximately 1 m?) is also in
principle feasible.

For ¢-Si PV cells as studied in this work, where the cur-
rent is dispersed throughout a thick absorber (100s of pum,
commensurate with the carrier diffusion length), analysis
of the magnetic field data remains a challenge as there is
no unique solution for the current density. Nevertheless,
even a simple reconstruction algorithm, which assumes a
planar current source, as employed here, is successful at
revealing key features of the device’s behavior, such as the
internal closed current paths associated with shunt resis-
tances observed in our experiments. This type of analysis
may be useful, for example, to investigate shunt pathways
in cell architectures with overlapping contact regions [34].
There is also ongoing work to improve current reconstruc-
tion methods in MCI. Clement et al. [35] have developed a
Bayesian technique to model currents at the image bound-
ary, which are otherwise a major source of artifacts. Garsi
et al. [36] have tackled the 3D reconstruction problem for
the analysis of integrated circuits. Their method groups
current sources (modeled as elements of an infinite wire)
into different depth classifications, and then runs the 2D
reconstruction algorithm on each plane of sources sep-
arately. Such a technique could potentially be extended
to the analysis of depth currents in a PV cell, although
the lack of stratified structure (unlike an integrated cir-
cuit) poses a serious challenge. Using detailed models
of the charge transport in the device to extract useful

information, inspired by methods used in magnetoen-
cephalography [29], could be another interesting avenue.
Here QDM has an advantage over other MCI implementa-
tions, as previous work has shown that vector magnetome-
try provides superior information for reconstructing source
fields [31].

In the PV research space, a promising application of
QDM is as a precision analysis tool for the imaging of
thin-film devices, such as perovskite solar cells. Indeed,
for such devices the absorber layer is typically less than
a micrometer in thickness, such that 2D reconstruction
algorithms may be employed while introducing little error.
Perovskites bring additional technical challenges for
QDM, such as overlap between the N-J and perovskite
absorption spectra, but the latter can be circumvented by
temporal (via an appropriate pulse sequence) or spatial
separation (by shielding the N-¥ laser and using front illu-
mination). However, thin-film PV devices generally fea-
ture much shorter diffusion lengths (approximately equal
to 1 um) compared to c-Si, as well as geometrically com-
plex electrode structures [37,38], and as such will require
the spatial resolution to be optimized. QDM experiments
with this goal would need to prioritize achieving at least
diffraction-limited resolution (approximately equal to 400
nm with a high numerical-aperture objective), requiring
careful reduction of standoffs [33] or perhaps superreso-
lution techniques [39]. Finally, while interdigitated back-
contact devices are an obvious target with their predom-
inantly lateral transport, sandwich-type devices with con-
tacts on either side of the perovskite film could also serve
as an interesting test system to explore current inversion
methods adapted to this regime, where transport occurs
primarily in the vertical direction (J;); here the vector mea-
surement capability could be a useful resource as J, acts
differently in the different magnetic field components (see
Appendix E).

A few principal use cases of our technique present them-
selves. First is the imaging of local excitation phenomena
(such as the internal currents presented here) that are dif-
ficult to simulate, with an eye to improving theoretical
models. The second opportunity comprises measurement
without optical excitation alongside application of a volt-
age across specific contacts, and then comparison of the
image to a diode model for the extraction of device param-
eters [10]. The latter application would not require current
reconstruction methods, with theory and model compared
via magnetic field alone. Beyond looking at complete PV
devices, QDM could also be useful as a tool to study
photoinduced transport at different stages of a device’s fab-
rication. For example, the imaging of pinhole defects in
passivating layers on ¢-Si [40], a technologically useful
problem, may be possible without requiring any contact.
In the same spirit, the results of Fig. 3 show the value
of measuring a device with a single contact type (here
hole selective), and it should also be possible to extract
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material parameters using only nonselective contacts (in
which photocurrents may arise from geometrical asymme-
tries). More broadly, there is ample scope to apply QDM
to study transport in a range of materials under localized
optical excitation, from 2D materials to organic thin films.
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APPENDIX A: DIAMOND SAMPLES

The N-V-diamond sample used in this work is made
from a 2 mm x 2 mm x 200 um electronic-grade chemi-
cal vapor deposition (CVD) diamond substrate, with [100]-
oriented polished faces. A 10-u-thick layer of N-doped
isotopically enriched (99.95% !2C) diamond is overgrown
via microwave plasma-assisted CVD. To increase the den-
sity of N-J centers in the grown layer, the diamond is irra-
diated with 2-MeV electrons (1 x 10'® cm~2 fluence) and
annealed using a ramp sequence culminating at 1100°C
to maximize N-J yield and ensemble coherence properties
[41]. After annealing the chip is acid cleaned (30 min in
a boiling mixture of sulfuric acid and sodium nitrate). The
10-um-thick sensing layer limits spatial resolution when
imaging the current in the metal contacts as the stand-
off is comparatively small (approximately equal to 3 um
estimated between diamond surface and contacts), but has
negligible influence where the current is dispersed in the
bulk. This N-V layer thickness is chosen as a trade-off
between sensitivity and spatial resolution [14].

APPENDIX B: PV DEVICES

The devices imaged in Figs. 2 and 3 are fabricated with
a 350-um-thick, 1-10 2 cm n-type (100) silicon wafer.
The contacts are formed by evaporating MoO, (10 nm) and
LiF (3 nm) through a shadow mask to form a hole- or an
electron-selective contact [43]. Evaporation is performed
under a vacuum of 1 x 107® mbar and is immediately
followed by a 200-nm Al evaporation in both cases.

The IBC cell imaged in Fig. 4 is constructed from a
230-pm-thick 1.5 2 cm n-type Czochralski silicon wafer.
The ESCs are made up of localized diffuse POCl; back-
surface field regions and the HSCs formed from diffused

« IBC
e Trident

0.0 . '
0.0 0.2 0.4

Voltage (V)

FIG. 5. 1V curves under local IR illumination for the trident
cell imaged in Fig. 2 (blue) and the IBC cell imaged in Fig. 4
(red). The lines are fits to a single diode model following Jain
and Kapoor [42].

BBrj; sheet emitters, each passivated with SiO,/Si; Ny lay-
ers. The aluminum metallization contacts locally through
lithographic holes in the passivation. The front surface is
passivated with SiN, and further coated with SiO, to form
an antireflection coating. Further details can be found in
Franklin et al. [32].

An exemplary /-V curve for each device, under localized
IR laser illumination, is shown in Fig. 5.

APPENDIX C: N-J MICROSCOPE SETUP

All experiments are conducted with a purpose-built
widefield N-V microscope, depicted schematically in Fig. 1
of the main text. Optical excitation and initialization of
the spins is achieved with a continuous-wave A = 532 nm
laser (Coherent Verdi), gated using an acousto-optic mod-
ulator (AOM, AA Opto-Electronic MQ180-A0,25-VIS),
and focused using a widefield lens (f = 200 mm) onto the
back aperture of a microscope objective (Nikon Plan Fluor
4x,NA = 0.3). The total laser power at the sample is 200
mW, with a spot diameter of 1 mm (note that about 70% of
this power reaches the PV device, accounting for reflection
at the diamond-air interfaces). The red PL from the N-V
defects is collected back through the same objective and
separated from the excitation beam with a dichroic mirror,
and filtered (see below) before being imaged using a tube
lens (f = 300 mm) onto a scientific CMOS camera (Andor
Zyla 5.5-W USB3), giving a diffraction-limited resolution
of approximately equal to 1.2 wm across a maximum FOV
of 2 mm.

The PV devices are stimulated with an 854-nm
laser (diode, Lumentum 22045504 350 mW; controller,
MOGLabs DLC202), cleaned with a filter, gated with an
AOM (AA Opto-Electronic MT80-A1-IR), combined with
the imaging (camera-side) path with a second dichroic
and finally focused onto the imaging objective back
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(w/y) ||

B. = Jp

FIG. 6.

Comparison of current-density reconstruction methods. The dataset in Fig. 2(f) reconstructed from B,, [Eq. (2); (a)], from

B. [Eq. (ES); (b)], and from B,, without a Fourier transform [Eq. (3); (c)].

aperture with a widefield lens (400 mm). The total power
at the sample is 200 mW, with a spot diameter of
approximately equal to 50 um. The penetration depth
of the IR laser into the ¢-Si absorber is expected to be
approximately 10 pum [44].

The PV laser wavelength is chosen to avoid interaction
with the N-Vs, both in absorption and photoluminescence.
First, the dichroic used to separate the N-J excitation and
photoluminescence beams is chosen to transmit the PV
laser (longpass 600 nm). The second dichroic is chosen
to transmit the N-J" PL and reflect the IR beam (shortpass
800 nm). The IR beam required cleaning (longpass 780
nm) to remove spectral components within the N-J absorp-
tion (450-550 nm) and PL (600—850 nm) bands. Before
the camera an additional filter is used to ensure imaging of
only PL wavelengths (bandpass 690 £ 60 nm).

MW driving is provided by a signal generator
(Rohde & Schwarz SMBV100A) gated using built-in 1Q
modulation and amplified (Amplifier Research 60S1G4A).

()

TN

A pulse pattern generator (SpinCore PulseBlasterESR-
PRO 500 MHz) is used to gate the lasers (via their
respective AOMs) and MW (via the 1Q inputs), as well
as trigger the camera acquisition. The amplified output
is connected to a coaxial cable terminator by a loop of
thin copper wire, which is positioned closely above the
sample.

A permanent magnet is used to apply a bias field By
aligned such that its projection onto each N-J axis (the
(111) family) is sufficiently different to independently
resolve each resonance. The measurements reported here
are taken under By ~ 6 mT.

All N-V measurements are performed with the device
either connected to a source-measure unit (Keithley SMU
2450) operated in ammeter mode (V' = 0, “short-circuit”
condition) or with the device physically disconnected
(“open-circuit”). Additionally, the device is connected to
a digital oscilloscope with 50-Q2 impedance to record the
photocurrent time trace during the laser pulse sequence

A= | et “m

1
0 200

25 0 2 v (PX)
Jy (A/m)

y pos. (PX) (h)

i _' T ]
i;l g 1.0 nﬁﬁ%a’\ *f(’:#%—
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- 181 =
- 241 0.5
-- 301 ;

I
200

FIG. 7.

o

I
20

@ (PX) y (PX)

Isolating external current. Current-density J, images taken at the end of IR pulse, under short-circuit (a) and open-circuit (b)

conditions. (c¢) Difference between short-circuit and open-circuit current densities, displaying the external path current density. (d)f)
Horizontal line cuts associated with (a)-(c). Each color is a profile taken for a fixed y position, for the width and horizontal location
shown in (a). (g) Each profile in (d) summed and plot against its y position, for each t value as in Fig. 4. (h) Each profile in (e) summed
and plot against its y position. Each image is 305 x 201 PX, at 4.33 um/PX.
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(a) _Back PV laser

/_A\

Front PV laser

FIG. 8.

N

Back stimulus

(w/v) |der]

Front stimulus

Comparison of stimulus from the front and back of the cell. (a) Schematic of experiment, with PV laser directed either from

above (back of cell) or below (front of cell) the device. (b),(c) Current-density images of the IBC cell previously measured in Fig. 4,

with stimulus from the back (b) and front (c) of the cell.

[Figs. 2(b) and 4(0)]; the oscilloscope was disconnected
at all times otherwise.

APPENDIX D: N-V MEASUREMENTS

Optically detected magnetic resonance spectra of the
N-V sensing layer are acquired by sweeping the MW fre-
quency with a dwell time of 30 ms per frequency, matched
to the camera exposure time. The ODMR spectrum is nor-
malized by acquiring a camera frame with the MW off in
between each MW frequency; the spectrum with MW on
divided by that without. Within each exposure the lasers
and MW are continuously gated, forming many repetitions
of the same pulse sequence per frame. Each frequency
sweep thus requires a few seconds (30 ms times the number
of frequency steps, e.g., 120, times two for normaliza-
tion), which is then repeated thousands of times to improve
the signal-to-noise ratio. Total acquisition time for each
measurement is at least 6 h, doubled again if a reference
measurement is required (e.g., without the PV laser).

Note that the AOM introduces an approximately equal
to 200 ns lag for the laser pulses with respect to the MW,
with an additional 200 ns rise and fall time. The pulse
timings in Fig. 4 of the main text match the timings at
the pulse-pattern generator and are not corrected for these
short delays.

After acquisition the ODMR spectra (acquired simulta-
neously at each pixel on the camera) are fit with the sum
of eight Lorentzian functions with free peak frequencies
(fi,i € {1,2,...8}), amplitudes and widths, using a least-
squares fitting algorithm. Extracting the fit parameters per
pixel allows for spatial maps of these quantities to be con-
structed. The electronic ground state of the N-J defect can
be modeled by the following spin-1 Hamiltonian (in Hz)

H = DS, + ynS - B, (D1)
where XYZ is the reference frame specific to each N-V
orientation ((111); Z is the symmetry axis), S =
(Sx,Sy,Sz) are the spin-1 operators, D ~ 2.870 GHz
is the temperature-dependent zero-field splitting, and

Ny = 28.033(3) GHz/T is the gyromagnetic ratio of the
defect. The total magnetic field By, at the N-Vs is cal-
culated by minimizing the rms error between the fit fre-
quencies f; and those calculated theoretically from the
Hamiltonian H. Any background fields, for example that
from the bias magnet, are normalized via a reference mea-
surement (e.g., the same experiment without PV laser) B,
which is then subtracted to give B = By — Byet.

The resulting field is expressed in terms of its lab-frame
components, B = (B,,B,,B.), which are then used to
reconstruct the current density as explained in Appendix E.
Note that in our experiments the orientation of the dia-
mond crystal is such that all eight frequencies {f;} con-
tribute to the determination of the in-plane components
B, and B,. Thus, even in cases where the B. component
is not needed for the reconstruction (see Appendix E),
we measure all eight frequencies and deduce all vector
components including B;, at no extra cost.

APPENDIX E: CURRENT-DENSITY
RECONSTRUCTION

The Biot-Savart law [Eq. (1)] can be expressed in (2D)
Fourier space as

Bulhkkyr) = 0 [ *"(Z*Z/)[J ke k2
x Moy My s —7 € y( X5 yaZ)

—00
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00
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ke
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Conventionally, the 2D source approximation is now made
(or current confined within a slab with no z dependence),
which leads to setting [/, = 0 everywhere. The integrals in
Egs. (E1)HE3) can now be evaluated, and organized into
a matrix equation (« is defined in the main text):

B, 0 1
Bl=1| -1 o [j]

(E4)
B. YA —iky Jk ik /K I

Equation (E4) is over constrained: there are several ways
to deduce j. The conspicuous choice is to reconstruct from
B, via

7 =%
B. - . (ES)
Iy == B

as Eq. (E3) indicates it has no contributions from vertical
currents (7;) that would contradict our 2D approximation.
However choosing to use B, requires the use of current
continuity (V - J = 0), and then the assumption j, = 0 in
order to eliminate either 7, or 7, and therefore it is impos-
sible to avoid the influence of 7, in any reconstruction
choice. Thus we choose to reconstruct from the in-plane
magnetic field components, for the reasons following. At
this stage we also account for the thickness (¢n.y) of our
sensing layer by averaging over source-sensor distances:

MO —kan.y sinh(ktn.y/2)

(Bxa By) = 7 ktN_V/2

with An.y the mean standoff distance.

We make the simplest additional approximation, taking
kAn.y — 0, an equivalent statement to claiming the scale
of the lateral variations in the image is much larger than
the standoff. In our experiment this is true, except at the
smallest length scales. We also take the similar approx-
imation ktn.y — 0. The effect of these simplifications is
an artificially (spatially) broadened signal as the highest
spatial frequencies have not been adequately amplified.
The net result is Eq. (3), which requires no Fourier trans-
form and thus avoids a separate set of processing artifacts
[45,46]. Note that reconstruction from B, would require a
Fourier transform, as well as introducing singularities in
k space [31]; in particular, the global offset (k = 0 com-
ponent) is undetermined when using B,. Figure 6 contains
a comparison of reconstruction methods for the measure-
ment in Fig. 2(f), showing that the direct reconstruction
using Eq. (3) gives the cleanest image [Fig. 6(c)] while
being in broad agreement with the reconstruction from B..
We therefore use this method throughout the paper.

(w/vy) |9ep|

FIG. 9. Current-density image taken at maximum power point
(MPP): 0.23 V.

APPENDIX F: ISOLATING EXTERNAL
CURRENTS

The short-circuit measurements, such as in Fig. 4, con-
tain both purely internal current loops and external return
currents. To isolate the external return currents, we com-
pare the short-circuit measurement [Fig. 7(a)] to an image
under open-circuit conditions [Fig. 7(b)]. The short-circuit
and open-circuit currents have a very similar pattern,
which is only evident when their subtraction is displayed
[Fig. 7(c)]. We analyze this system further through linecuts
[Figs. 7(d)-7(f)], where each series is the profile L;(x) =
Jy(x,y = i). The short-circuit [Fig. 7(d)] and open-circuit
(Fig. 7) profiles have the same shape except from a small
horizontal offset. Isolating this offset in Fig. 7(f) produces
a profile with less positive current, i.e., the upward cur-
rent [red in Fig. 7(a)] unexpected in the absence of internal
current loops is diminished. The short-circuit image line
cuts are then integrated to produce the net vertical current
as a function of y and time [Fig. 7(g)]. By subtracting the
open-circuit measurement [Fig. 7(h)] we isolate a compar-
atively constant vertical current, identified with a relatively
delocalized external current path.

APPENDIX G: STIMULUS FROM FRONT OF
CELL

We report photoresponse experiments with the optical
stimulus oriented towards the back of each photovoltaic
cell. This decision allowed for increased current densities
within the field of view, as well as a more two-dimensional
current pattern. However it may be beneficial or desirable
in certain circumstances to image with stimulus from the
standard side of the cell. We test this scenario by adjusting
our microscope to optionally direct the PV laser corre-
spondingly, with a second objective used to focus the beam
[Fig. 8(a)]. Results taken under these two conditions are
shown in Fig. 8(b) (back stimulus) and Fig. 8(c) (front
stimulus). We note that the front stimulus experiment has
a more dispersed signal due to diffusion of the current as it
passes vertically through the device.
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FIG. 10. Complete data set used for Fig. 4 showing the current density maps (in-plane magnitude and J,, component) at every time
point measured (ten time points in total) including the five already shown in Fig. 4.

APPENDIX H: IMAGING AT MAXIMUM POWER
POINT

PV cell analysis techniques generally measure with
the device under short- or open-circuit techniques where
simpler operation can assist in the extraction of useful
information, particularly when comparing to theoretical

models. However neither of these points are where a PV
cell operates at its highest power output, this “maximum
power point” (MPP) occurs at the shoulder of the IV
curve. For the trident device studied in Fig. 2 this is at
about 0.23 V, and we show images taken at this poten-
tial (Fig. 9) to demonstrate this capability of the QDM
platform.
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APPENDIX I: COMPLETE TIME SERIES
MEASUREMENT

For completeness, in Fig. 10 we plot the current-density
maps (in-plane magnitude and the J, component) at each
of the time points measured in the experiment described in

Fig.

4 (ten points in total), including the five time points

already shown in Fig. 4. Note that after the IR stimulus
(7 > 20 ws) the local current loops are a more pronounced
fraction of the signal (see, e.g., the relatively large upward
current in the top of the two central HSC and wide con-
tacts), which produces the apparent “dip” in the current
trace of Fig. 4(o).
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