
Microelectronic readout of a diamond quantum sensor

D. Wirtitsch,1, 2, ∗ G. Wachter,1, ∗ S. Reisenbauer,1, 3 J. Schalko,4 U. Schmid,4 A. Fant,5 L. Sant,5 and M. Trupke1, 2, †

1Vienna centre for Quantum Science and Technology, Department of Physics,
University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria

2Austrian Academy of Sciences, Institute for Quantum Optics and Quantum
Information (IQOQI) Vienna, Boltzmanngasse 3, A-1090 Vienna, Austria
3AIT Austrian Institute of Technology GmbH, Giefinggasse 4, 1210 Wien

4Institute of Sensor and Actuator Systems, TU Wien, Gußhaußstr. 27-29, 1040 Vienna, Austria
5Infineon Technologies, Villach, Austria.

(Dated: March 7, 2024)

Quantum sensors based on the nitrogen-vacancy (NV) centre in diamond are rapidly advancing
from scientific exploration towards the first generation of commercial applications. While significant
progress has been made in developing suitable methods for the manipulation of the NV centre spin
state, the detection of the defect luminescence has so far limited the performance of miniaturized
sensor architectures. The recent development of photoelectric detection of the NV centre’s spin state
offers a path to circumvent these limitations, but has to-date required research-grade low current
amplifiers to detect the picoampere-scale currents obtained from these systems. Here we report on
the photoelectric detection of magnetic resonance (PDMR) with NV ensembles using a complemen-
tary metal-oxide semiconductor (CMOS) device. The integrated circuit delivers a digitized output
of the diamond sensor with low noise and 50 femtoampere resolution. This integration provides
the last missing component on the path to a compact, diamond-based quantum sensor. The device
is suited for continuous wave (CW) as well as pulsed operation. We demonstrate its functionality
with DC and AC magnetometry up to several megahertz, coherent spin rotation and multi-axial
decoupling sequences for quantum sensing.

I. INTRODUCTION

Device miniaturization and integration opens up new
perspectives for applications of quantum sensors based
on atom-like systems in crystals [1–8]. Based on its ex-
cellent spin coherence time, greater than 1.8 ms for a
single NV [9], its optically addressable spin state, and
its large dynamic range, the nitrogen-vacancy (NV) cen-
tre in diamond [10] is now firmly established as a room-
temperature quantum sensor for crystal stress [11], pres-
sure [12], electric fields [13], temperature [14], and mag-
netic fields [15–20], including nuclear magnetic resonance
spectroscopy [21, 22].

Such systems reach excellent sensitivity, resolution,
bandwidth and range, but commonly require large and
costly instruments for their manipulation and readout.
These factors have so far limited their adoption to highly
specialized applications and also hinder the scalability
with respect to the number of sensor elements on a sin-
gle device. Therefore in recent years, significant efforts
have been undertaken towards the miniaturization of NV-
based sensors [1, 8, 23, 24] including their required pe-
riphery. Typically, the form factor is strongly affected by
the microwave chain, including bulky, high-power ampli-
fiers, and by the optical components required to read out
the NV centre’s spin state. Regarding spin control, it has
been shown that microwave generation can be realized di-
rectly on a silicone (Si) chip underneath the diamond [1].
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Furthermore, the use of microwave resonators can pro-
vide a way to effectively reduce the necessary amplifier
size and power at the cost of bandwidth [25]. The opti-
cal excitation and detection system typically includes a
green (510 - 570 nm) excitation laser and single-photon
counting modules (SPCM) to collect the red NV centre
fluorescence. The excitation apparatus can already be re-
duced in size by making use of directly driven laser diodes
[26], and the integration of the diamond sensor on, or in
proximity of, an optical fiber tip has also been explored
[24, 27, 28]. However, optical detection suffers from the
high refractive index of diamond, such that typically only
a few percent of the emitted photons actually reach the
detectors. This has, to a degree, been circumvented by
elaborate surface engineering such as focused ion beam
milled solid immersion lenses with NV centres at their
centre [29, 30] as well as small-scale photodiodes in close
proximity to the NV-based sensor [8, 24]. However, all
of these systems still lack a compact and robust readout
system for the NV centre spin state that can be scaled
down to the few- or even single-defect level.
The advent of photoelectric detection of the NV centre’s
spin state presents a viable path towards integrated elec-
tronic detection [31–37]. Charge carriers are generated at
the NV centre in a two-photon ionization process by laser
illumination which, in contrast to optical detection, re-
lies on the direct capture of charge carriers through elec-
trodes fabricated onto the diamond surface and does not
suffer from total internal reflection due to the relatively
high refractive index of diamond. Photoelectric read-
out furthermore offers the potential to avoid the limiting
saturation behavior of optical readout, since the charge
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FIG. 1. Concept and device. (a) Idealized rendering of the diamond-based sensor chip including the integrated photo-current
detector (IPCD). (b) NV centre level diagram and dynamics: The system consists of a triplet ground state 3A2 and the triplet
excited state 3E, as well as the two singlet levels 1A1 and 1E. The latter exhibits a lifetime which is at least one order of
magnitude longer than that of all excited states (clock symbol). Without application of an external magnetic field the ground
states are split by Dgs. Transitions can be driven by application of a resonant microwave (MW) signal. Upon excitation, the
ms = 0 population is likely to yield a fluorescence photon or, under sufficiently strong excitation, result in a two-photon process
creating charge carriers collected by the chip. This two photon process ionizes the NV centre to the neutral charge state, from
where optical excitation of a valence band electron and recombination at the NV centre can return it to the negative charge
state. The ms = ±1 population tends to vibronically decay to the 1A1 singlet state and will thereafter be shelved for 200 ns
in the meta-stable state. During this shelving process the system is protected from 520 nm excitation, leading to a reduction
of both fluorescence and charge carrier generation from the ms = ±1 spin states. Following relaxation, the population is
distributed among the ms = ±1 and ms = 0 sub-levels, with a preferential decay into the latter. (c) Microscope picture of the
gold structure on the diamond used for photoelectric readout. (d) Measurement scan on the section shown in (c): The lower, 2D
contour map shows the fluorescence signal obtained from the diamond. The upper, 3D heat map shows the position-dependent
photo-current. (e) Microscope image of the unpackaged IPCD integrated photocurrent detector.

carrier generation can occur at a far higher rate than pho-
toemission [38]. Chiefly, this method obviates the need
for bulky collection optics and mitigates the detrimental
effect of the high refractive index on signal acquisition.

Here we report on the miniaturization and circuit inte-
gration of an NV centre based sensor through photocur-
rent detection with state-of-the-art microchip technology
(see Fig. 1a). The small-footprint device features low
readout noise, high resolution and a photocurrent signal
on the order of 100 pA, which is detected at room tem-
perature by an integrated photocurrent detector (IPCD).
We demonstrate the functionality of the device by detect-
ing both DC and AC magnetic fields, with frequencies
larger than one MHz, as well as performing an exemplary
decoupling sequence towards advanced quantum sensing
applications.

II. PHOTOCURRENT DETECTION OF THE
NITROGEN-VACANCY CENTRE

The NV centre is formed by replacing two adjacent car-
bon atoms within the diamond lattice by a nitrogen atom
and a vacancy. This configuration forms a stable, atom-
sized defect with a triplet ground state. Optically in-
duced spin polarization and spin-dependent fluorescence
enable remarkable spin purity and readout contrast, even
at room temperature [39, 40]. The ground state features
a zero-field splitting Dgs of 2.87GHz between the ms = 0
and ms = ±1 sub-levels which can be manipulated via
magnetic resonance. The resonance frequencies vi be-
tween the ms = 0 and ms = ±1 sub-levels are sensitive
to electric and magnetic fields as well as to crystal strain
and temperature. In particular, external magnetic fields
parallel to the N-V axis induce a Zeeman splitting of the
ms = ±1 states given by

vi = Dgs ± γBz, (1)
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where γ is the electronic gyromagnetic ratio of
28GHzT−1 and Bz the z-component of the magnetic
field measured along the NV centre symmetry axis [10].
Since, due to geometrical constrains within the diamond
lattice, NV centres can only be oriented along four axes,
ensembles of NV centres can be used to perform vector
magnetometry [41–43].

While optical excitation of the ms = 0 sub-level prefer-
entially results in photon emission, the ms = ±1 popula-
tions decay to a meta-stable level with a branching ratio
close to 0.5, reducing the fluorescence from these states
and allowing spin state readout (see Fig. 1b). Further-
more, the meta-stable level decays to both ms = 0 and
ms = ±1, though preferentially towards ms = 0, leading
to state initialization [10, 40]. These mechanisms allow
optical detection of magnetic resonances (ODMR), where
fluorescence collection upon excitation will decrease if a
resonant microwave signal is applied to transfer popula-
tion from ms = 0 to ms = 1 or ms = −1.
Similarly to fluorescence readout, in electrical readout

the ms = 0 state is mostly not shelved into the meta-
stable state and can thus produce more charge carriers
via two-photon excitation (see Fig. 1b). The excited
ms = ±1 states instead decay frequently to the long-lived
and dark metastable state which has a far smaller ioniza-
tion cross-section than 3E. The basic ODMR method de-
scribed above can therefore be used without alteration for
photoelectric detection of magnetic resonances (PDMR),
as shown in Fig. 1b.

III. ON-CHIP PHOTOCURRENT DETECTION

Charge carrier collection is enabled by the application
of a bias electric field across the electrode gap, as shown
in Fig. 1c and d. We use a voltage of up to 24V over
a gap of 15 micrometers, produced by a stack of coin
cell batteries, resulting in a field gradient of 1.6V µm−1.
This value is safely below the limiting value of 3V µm−1

given by the breakthrough voltage of air under standard
conditions obtained from Paschen’s law [44]. Cell bat-
teries were chosen for compactness as a low-noise power
supply.

The photocurrent is detected by a non-commercial mi-
crochip from Infineon Technologies, which acts as an in-
tegrated photocurrent detector (IPCD), amplifier, inte-
grator, and digitizer [45]. Its small packaged footprint
of only 1mm × 2mm allows to position it in close prox-
imity to the diamond chip (see Fig. 1a for an abstract
representation of the setup, and Fig. 1e for a microscope
image of the bare chip). The low-noise, ultra-low power
(sub-mW) chip offers a 16 bit analog to digital converter
with a least-significant-bit (LSB) equivalent current of
50 fA, a measurement standard deviation of 1.2 LSB, and
an integration time of 200ms (see the supplementary in-
formation for more details [46]). The chip is powered
by a low noise linear regulator at 1.8V (ADP150AUJZ-
1.8-R7) and addressed as well as read out by a micro-
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FIG. 2. Voltage and Power Dependence. (a) Fluorescence
counts (red) and current signal (turquoise) over laser power
using a bias voltage of 25V. Dashed lines for the fluorescence
behaviour are obtained using a linear fit while those for the
photocurrent are obtained by fitting I(P ) = αP 2/(1 + βP )
[35] to the data points, where α ≈ 1.26 and β ≈ −0.07 are
constants and P is the applied laser power. (b) Photocur-
rent versus bias voltage. (c) Microwave frequency sweep us-
ing seven different bias voltages. The measurements are per-
formed both with and without application of a microwave
pulse to obtain a differential signal. (d) Depth of the dips in
(c) versus bias voltage, consistent with a linear dependence of
the absolute photocurrent difference.

controller, which acts only as an I2C-converter to enable
communication with the measurement computer.

Fig. 1d shows a simultaneous fluorescence (bottom)
and photocurrent (top) scan over the electrodes where
the fluorescence counts and the photocurrent are de-
tected for each position. A clear peak in photocurrent
is visible in the middle of the gap between the current
detector and bias wires. The fluorescence image shows a
clear negative image of the deposited structures.

In order to investigate the performance of the IPCD,
we perform characterization measurements on the optical
and photoelectric characteristics of the diamond sample.
First, we perform a saturation scan where we gradually
increase the continuous wave (CW) laser power while si-
multaneously measuring both fluorescence and photocur-
rent (Fig. 2a). While the power dependence of the
fluorescence is consistent with a linear trend, the pho-
tocurrent dependence displays the quadratic behaviour
expected from the two-photon process involved in charge
state conversion (see Fig. 1b). We chose 8mW excitation
power in all subsequent measurements (see SI for further
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FIG. 3. Pulsed-excitation AC Magnetometry. (a) CW optical (red) and photoelectric (blue) detection of magnetic resonance
with Gaussian fit functions using a bias voltage of 15V. The light blue data points are taken using the Stanford Research
SR865A lock-in amplifier while the dark blue lines are obtained using the IPCD. Both traces show the differential signal obtained
by performing the measurement with and without microwave. The optically detected trace is normalized to the offset of the
Gaussian fit function. The frequency range used for pulsed-excitation AC magnetometry by PSLD measurements is indicated
by the vertical shaded bar. Application of a time-dependent magnetic field sensed by the NV ensemble shifts the energy level
resonance, leading to a high (blue) or low (red) photocurrent at the field extrema. (b) The measurement is performed in two
200 ms segments phase-matched to the AC-signal. The second segment is phase shifted by an angle of π in relation to the first.
Within one segment, many green-laser readout pulses induce a photocurrent. In the case where the excitation pulse rate is
equal to the modulation rate of the external field, a maximum difference in current is observed between the two segments. In
the off-resonant case, the current contributions average to zero for sufficiently large numbers of readout pulses. (c) Application
of external AC fields with different frequencies, probed by varying the readout pulse spacing while keeping the pulse width
constant. Different colors indicate scans over different external AC fields, e.g. the first (purple) data points show a scan from
0.8 kHz to 1.2 kHz with an external AC field of 1 kHz. We proceed to scan over ±20% of the externally applied field frequencies,
which range from 1 kHz to 10MHz. We show the differential photocurrent signal using both the IPCD and the commercial
lock-in amplifier, with maxima on resonance (large markers) and over a range of four orders of magnitude. The grey lines
show a fit to a first order low-pass filter function of the form I(f) = I0/(1 + f/f0), where I0 is the signal amplitude in the
low frequency limit, f0 denotes the cut off frequency and f is the frequency. We obtain f0 = 5(2)MHz and f0 = 3(1)MHz for
the cutoff frequencies of the IPCD and the SR865A lock-in measurements respectively. Here, the values for the commercial
lock-in amplifier are mirrored around the x-axis for better visibility. Small markers indicate measurements where the AC field
modulation is out of resonance with the readout pulses.

information [46]). Fig. 2b shows the detected photocur-
rent while varying the bias voltage across the electrode
gap. A linear dependence with respect to the applied
bias voltage is observed.

We furthermore probe the ms = 0 to ms = ±1 tran-
sitions using an external microwave for seven different
bias voltages with no applied magnetic bias field (Fig.
2c) where an intrinsic splitting of 8MHz between the two
spin transitions is discernible. Here, the sequence was di-
vided into two parts: In the first half we include the CW
microwave together with CW laser excitation while the
second half consists of the readout laser alone. Subtrac-
tion of the two sequence segments results in a differential
signal which increases linearly with the bias voltage (Fig.
2d).

In a further measurement, the performance of the
IPCD is compared to a high-end commercial lock-in am-
plifier (SRS SR865A). The settings of the commercial de-
vice are chosen to match the IPCD parameters as closely

as possible. The input impedance is set to 1MΩ and,
as in the case of the IPCD measurements, a lock-in fre-
quency of 2 Hz is used, with a time constant of 300 ms
and a sensitivity of 5 pA. We change the bias magnetic
field to energetically split the ground state levels equally
for all NV centre axis orientations in the ensemble sam-
ple to maximize the photoelectric spin signal and allow
better distinguishability of resonance shifts under exter-
nal magnetic fields examined in the next section. The
green laser is operated at constant intensity, while the
microwave signal is scanned in frequency over the res-
onance. As above, the photocurrent is extracted in a
two-step procedure: a 200ms segment with microwave
signal is followed by a second 200ms segment without
microwave. The photocurrent readouts of both are sub-
tracted and are shown in Fig. 3a. The measurement
shows near-identical results for the IPCD and the com-
mercial lock-in amplifier.
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IV. PULSED-EXCITATION AC
MAGNETOMETRY

To demonstrate the IPCDs capability for AC magne-
tometry, a sinusoidally-varying current is applied to a
wire adjacent to the detection site. The AC signal is
generated by a 10 Volt AC source over a 50Ω dump re-
sistor, resulting in a magnetic field peak-to-peak ampli-
tude of 3.2 G at the readout junction. In order to detect
the frequency of this field, we choose the microwave fre-
quency offset for the measurement to coincide with the
highest derivative of the resonance signal with respect to
magnetic field changes, as indicated by the dotted ver-
tical line in Fig. 3a. A maximum conversion factor of
0.78 pAmT−1 is obtained there. The measurement se-
quence is illustrated in Fig. 3b. In order to detect peri-
odic magnetic field variations with periods much shorter
than the photocurrent integration window, we implement
a method which we term pulsed-laser stroboscopic de-
tection (PLSD) method: The excitation laser is mod-
ulated with square-wave pulses at the target detection
frequency. We adjust the pulse duration τL to cover 1/4
of the target AC field period. PLSD operates in a phase-
locked manner, where the readout sequence is again split
into two 200ms segments. The optical pulses for pho-
tocurrent generation are shifted by a phase of π in the sec-
ond segment. If the readout is performed resonantly with
the AC-field oscillation, the current difference between
the two segments will be maximal, while off resonance
(and with many repetitions of readout pulses per seg-
ment) the obtained currents in the segments average out
to zero. Similarly to quantum heterodyne detection or
coherently averaged synchronized readout, the frequency
resolution of PLSD is not limited by the coherence life-
time of the NV centres [22, 47]. We further note that, by
including all four quadratures instead of only two, it is
possible to measure AC fields of arbitrary phase with this
approach, at the cost of doubling the readout duration.

The results of the PLSD measurements are shown in
Fig. 3c. We sweep the laser pulse frequency to probe
several external AC fields and keep the laser pulse width
constant while varying the inter-pulse distance (see Fig.
3b). We obtain clear signal peaks whenever the pulsed
laser readout has the same frequency as the external
field. Here, the current values for the SR865A are mir-
rored around the x-axis for better visibility. The two de-
vices measure near-identical currents on resonance (large
markers in the figure) while showing no significant cur-
rent when detuned (small symbols). The measurement
covers over four orders of magnitude in frequency and
demonstrates that PLSD allows to measure AC fields
with a 3 dB bandwidth of 3MHz.

V. COHERENT SPIN MANIPULATION

While so far, the microwave signal was operated in
a continuous fashion and the laser was pulsed for AC

magnetometry, many sensing applications using the NV
centre strongly benefit from the application of pulsed spin
rotation sequences [20, 47, 48]. We thus show that the
integrated chip is suitable for pulsed-sequence readout by
detecting coherent rotations of the spins.

To mitigate inhomogeneous driving and remove the
spectral overlap of the four NV orientations in the high-
density sample, we first single out one NV orientation us-
ing a neodymium magnet to apply a bias field along one
of the crystalline orientations. Using the same measure-
ment envelope as in Fig. 2c, we alternate laser and mi-
crowave pulses while varying the microwave pulse length
τ (see Fig. 4a). Fig. 4b shows Rabi oscillations with four
different microwave powers. We obtain the expected si-
nusoidal signal (solid lines) with an additional damping
due to the T ⋆

2 coherence time of the sample. Furthermore,
the expected linear relationship between microwave am-
plitude and Rabi frequency is visible in Fig 4c. We ad-
ditionally perform a measurement under full microwave
power, off resonance from the ms = 0 to ms = 1 transi-
tion, where no change in photocurrent versus pulse width
is observed. This measurement shows that there is neg-
ligible cross-talk between the high-power microwave line
and the IPCD (darker pink line and data points in Fig.
4b).

The most advanced quantum sensing methods make
use of multi-axial decoupling methods to minimize the
effects of stray magnetic fields and control pulse imper-
fections [49]. Fig. 4d shows the results when applying
a Carr-Purcell-Meiboom-Gill (CPMG) sequence in order
to determine the T2 coherence time of the sample. Com-
pared to the CW-microwave, pulsed-laser method shown
in Fig. 3, this method enables to sense external fields
at arbitrary frequencies, ranging from DC to an upper
limit given by the hardware limit determined only by the
attainable Rabi frequency. First, a π/2 pulse about the
x-axis of the Bloch sphere rotates the initial state into
a coherent superposition of ms = 0 and ms = 1. Dur-
ing a subsequent free precession time of length τ/2, the
superposition will rotate unpredictably along the equa-
tor of the Bloch sphere due to magnetic field noise from
adjacent spins and external sources. Those external dis-
turbances lead to the comparatively short T ⋆

2 coherence
time extracted from the decay envelope of the Rabi os-
cillations in Fig. 4b. However, subsequent application
of a π pulse about the orthogonal y−axis, followed by
an additional free precession time τ/2 allows the reversal
of a large part of these dephasing mechanisms. The se-
quence is concluded by a π/2 pulse which, were it not for
irreversible decoherence processes, would lead to a near-
complete spin state transfer from ms = 0 to ms = 1.
The pulses are generated by a field programmable gate
array (FPGA) [50]. We obtain a T2 coherence time of
∼ 1.73 µs, corresponding to an improvement by more
than an order of magnitude compared to the bare de-
phasing time T ⋆

2 . This sequence can already be used to
sense external AC magnetic fields with high sensitivity
[20].



6

0 100 200

0.0

0.2

0.4

0.6

0 5 10

20

25

30

35

T2
* = 185 ns

T2 = 1.73 μs

τ
2

0 50 100

0

10(b) (c)

(d)

Pulse Width τ [ns] Free Precession τ [µs]

Microwave Ampl. [%]

Off-Resonant

D
iff
er
en
tia
lC
ur
re
nt
[p
A
]

R
ab
iF
re
q.
[M
H
z]

D
iff
.C
ur
re
nt
[f
A
]

(a)
+ -

τR

RR π
2 π π

2

R R R R R R Rτ τ

τ
2

FIG. 4. Coherent spin rotation. (a) Sequence used for photoelectric detection of NV Rabi oscillations. During the first half we
interleave 5 µs long laser pulses (R) with 8mW and microwave pulses with a variable pulse width (τ). We omit the microwave
pulses during the second half to obtain a differential signal. (b) Rabi oscillations for several microwave powers, in agreement
with the expected linear increase in oscillation frequency with increased microwave power. The curves are shifted vertically
by 0.15 pA increments for clarity. We furthermore perform an additional measurement (magenta), far off resonance from the
ms = 0 to ms = 1 transition, to exclude parasitic effects such as cross-talk from the high-power microwave line in close
proximity to the readout chip. (c) Extracted Rabi frequencies from (b) show a linear dependence on the microwave amplitude.
(d) CPMG sequence to determine the T2 coherence time of the NV ensemble. This sequence typically forms the basis for more
elaborate sequences used in quantum sensing experiments. First, a π/2 pulse around the x-axis of the Bloch sphere rotates the
spin into a superposition of ms = 0 and ms = 1, followed by a free precession time τ/2. Dephasing induced by slowly varying
magnetic fields is then cancelled by the application of a π rotation around the y-axis, followed by an additional free precession
time τ/2 for rephasing. The magenta line shows the (shorter) T ⋆

2 coherence time of ∼ 185 ns extracted from the decay envelope
of the Rabi oscillations in (b). Teal data points show the prolonged T2 coherence time, while the solid line is an exponential fit
to the data. We extract a coherence time of T2 = 1.73µs.

We note here that lock-in based methods such as pho-
toelectric detection presently integrate over the entire
laser pulse duration, while optical detection allows to
select the relevant time window of ∼ 300 ns at the be-
ginning of the readout pulse, allowing to optimize the
optical readout contrast [40, 51]. Fast gating methods
for the electrical readout current are therefore of great
interest for further improvement of the technique.

VI. DISCUSSION AND CONCLUSION

This work combines several milestones for diamond
quantum sensors on the path from the laboratory towards
practical applications. Together with previous demon-
strations, including small-scale optical excitation [8] and
chip-integrated microwave generation [1, 23] to manipu-
late the spin state, the integration of electrical readout
of the NV centre spin state shown in this work completes
the foundation for extremely compact, low-power quan-
tum sensors. The implemented device is CMOS com-
patible and enables photoelectric readout of nitrogen va-
cancy centres in diamond with sufficiently low noise and
high current resolution to even enable the readout of sin-

gle centres [35]. Due to its low noise and large dynamic
range, the IPCD can be used to read out both continuous-
wave and pulsed sequences, frequently encountered in
quantum sensing applications. The IPCD achieves near-
identical performance as a state-of-the-art lock-in am-
plifier, demonstrating both DC as well as AC magne-
tometry. The DC sensitivity of 1.6 µT/

√
Hz reached (see

methods) in this first demonstration already compares fa-
vorably with previous approaches [1], while necessitating
far lower excitation power, and can be improved dramat-
ically with optimized substrates [38]. Furthermore, the
first stepping stones towards the use of more complex dy-
namical decoupling schemes are shown, underscoring the
functionality of the device for a broad range of diamond
quantum sensor applications.

The combination with board- or chip-level integration
of optical excitation, microwave generation, and sequence
control will complete the development towards miniatur-
ized, high-performance diamond quantum sensors based
on photoelectric readout.
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VII. METHODS

A. Fabrication and Setup

A high-pressure, high-temperature (HPHT) diamond
from Element-6 with a nitrogen concentration <200 ppm
served as the NV centre host. It was electron irradiated
at 100°C and annealed at 900°C to increase NV centre
yield and resulting in an NV concentration of 8± 2 ppm.
After cleaning in a mixture of potassium nitrate and sul-
furic acid, followed by repeated cleaning in solvents (ace-
tone, isopropanol, ethanol, and methanol) the sample
was further left in oxygen plasma for five minutes at 100
W. Subsequently, a custom-made silicon hard mask was
positioned on it, immediately followed by another oxy-
gen plasma cleaning step and metal deposition. First, a
100 nm layer of titanium was sputtered onto the sample,
followed by 100 nm of thermally evaporated copper and
20 nm of gold to avoid oxidation of the copper layer. The
electrode arrangement is shown in Fig. 1c. The width of
the wires and the gap size are both 15 µm.
After deposition, the sample was repeatedly cleaned in

the previously mentioned solvents, mounted and bonded
onto a printed circuit board (PCB), with electrical con-
nections formed by 20 µm thick aluminium bond wires
(details in supplementary information [46]). The PCB
provides an electrical interface to our measurement and
manipulation hardware, as well as to the commercial
lock-in amplifier for device comparison [46]. While cur-
rently a microcontroller reads out each part of the differ-
ential signal and the values are subtracted in the mea-
surement computer, the IPCD can be altered to provide
the background subtracted signal directly, obviating the
need for the microcontroller. This direct lock-in mode
is already available, albeit with an unsuitable combina-
tion of lock-in frequency and signal gain. Furthermore,
a built-in feature of the IPCD is given by a synchronous
TTL output, in phase with the lock-in cycle, which can
be used to directly control the laser driver or microwave
switch such that no external TTL source would be re-
quired.

In order to compare photoelectric readout to conven-
tional, optically detected magnetic resonance, the PCB
was mounted into a confocal microscope setup using an
Olympus microscope objective with a numerical aper-
ture of 0.85. A laser diode provided green 520 nm excita-
tion, necessary for spin initialization and readout, with a
maximum power of 9mW. The photoluminescence was
filtered with a >650 nm longpass filter. We underline
that, while collection path filtering and photodetection
are not needed for electrical readout, an excitation path
which provides a sufficiently high intensity (on the order
of 50mW µm−2) remains necessary.

The microwave signal necessary to drive the spin tran-
sitions was generated by an Analog Devices ADF4351 RF
synthesizer, switched using a Mini-Circuits ZASWA2-50-
DR+ RF switch, and amplified by 45 dB with a Mini-
Circuits ZHL-16W-43+ high power amplifier. The am-

plified signal was combined with an AC source (0-500
MHz) used for the PLSD measurements using a custom
made diplexer (Wainwright Instruments). The combined
signal output was connected to the PCB, reaching the
the microfabricated wire on the diamond chip through a
bond wire.

B. Comparison of Photoelectric and Optical
Readout

In photoluminescence readout, we observe a photon
collection rate of R = 4× 105 cts/s from the NV ensem-
ble after reducing the collection efficiency with neutral
density (ND) filters by 5.7 orders of magnitude, and in-
cluding all system losses. Removing the ND filters would
result in a rate of R = 2.2 × 1011 cts/s. The minimum
detectable field in a CW ODMR magnetometry measure-
ment for small fields is given by [20]

B
(DC)
min =

√
2

cos θ

4

3
√
3

h

geµB

∆ν

CCW

√
R

1
√
τint

, (2)

where ∆ν is the full width at half-maximum of the line-
shape, h the Planck constant, g the Landé factor, µB

the Bohr magneton, CCW the readout contrast and R
the average detection rate. The angle θ between the
NV centre axis and the applied field leads to an increase
of

√
3. The

√
2 factor accounts for the equal bisection

of the sequence into a measurement part, with the mi-
crowave field applied, and a normalization measurement
without. Using the values from the measurement in Fig.
3 (∆ν = 11MHz, CCW = 2.6%), we find a raw sensitiv-

ity for optical detection of 53.2 µT/
√
Hz, while correcting

for the attenuation by the ND filters yields a nominal
sensitivity of 71 nT/

√
Hz. The nominal sensitivity for

electrical readout results instead from the rate of charge
carriers collected in the system. There, with an average
photocurrent of 75 pA, the rate is 4.7 × 108 s−1 yielding
a sensitivity of 1.6 µT/

√
Hz.

The sensitivity of the PLSD measurements at a fre-
quency f is reduced by the duty cycle of fτL, with τL
the duration of the illumination pulse. Additionally, the
average detected field during a readout pulse is reduced,
compared to a DC field, because of the sinusoidal time
dependence. However, both portions of the sequence are
used to measure the magnetic field, improving the sensi-
tivity by

√
2. These factors lead to a minimum detectable

field of

B
(PLSD)
min = B

(DC)
min

π
√
fτL√

2 sin (πfτL)
. (3)

We use a duty cycle of 25%, resulting in a nominal sen-
sitivity of 2.4 µT/

√
Hz.

All sensitivity values achieved here can be improved
significantly by optimizing the material properties of the
diamond. The defect density is a key parameter: For
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decreasing nitrogen and NV centre density, the spin res-
onance linewidth decreases and the photocurrent per NV
centre increases, while the photoluminescence per NV
centre remains constant. It will therefore be possible
to generate similar photocurrents while drastically re-
ducing the spin resonance linewidth, thus improving the
sensitivity of the device, by using tailored diamond sub-
strates. Furthermore, recent experiments under similar
conditions on a different diamond have resulted in a pho-
tocurrent of 4 nA at similar laser powers, translating to
a sensitivity improvement by an order of magnitude [38].

Even better sensitivity is possible using a larger de-
tection volume and higher excitation power [52]. From
the obtained photon count rate and estimated NV cen-
tre density in our sample we calculate the sensor volume
using our excitation beam to be 3.2 µm3. However, we
note that the volume extracted from photon collection
will most likely be larger than the actual interrogation
volume available for photocurrent detection, due to the
latter’s quadratic dependence on laser power. Nonethe-
less, using this conservative estimate, fabrication of in-
terdigitated electrodes across the entire diamond surface
would allow to improve the sensitivity significantly: For
a 3mm×3mm×10 µm interrogation volume, the nominal
sensitivity would improve by another 5 orders of mag-
nitude, reaching 33 pT/

√
Hz. Further improvement to-

wards 1 pT and below will be possible using NV ensem-
bles with narrower spin resonance linewidth and opti-
mized photocurrent collection.

C. Noise Estimation

The IPCD exhibits a noise floor of 1.2 least-significant
bits (LSB), corresponding to a nominal noise floor of

84 fA/
√
Hz which represents the largest of the contribut-

ing noise factors. The electron shot noise at 75 pA is
4.8 fA/

√
Hz, an order of magnitude smaller than the

bit noise, and the thermal Johnson-Nyquist noise is
0.6 fA/

√
Hz. Inherent noise factors are thus still al-

most two orders of magnitude below our detected dif-
ferential signal of 2 pA in CW-PDMR. The relative noise
floor can be reduced by increasing the photoelectric sig-
nal, either by use of a different diamond host that pro-
duces a larger photoelectric current, or by implement-
ing low-noise, chip-scale pre-amplification of the obtained
signal[53].
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G. Magchiels, E. Bourgeois, A. Gali, M. Trupke, and

https://doi.org/10.1088/0034-4885/77/5/056503
https://doi.org/10.1088/0034-4885/77/5/056503
https://doi.org/10.1021/acsphotonics.0c00325
https://arxiv.org/abs/https://doi.org/10.1021/acsphotonics.0c00325
https://doi.org/10.1021/nl404072s
https://arxiv.org/abs/https://doi.org/10.1021/nl404072s
https://doi.org/10.1103/PhysRevApplied.14.044058
https://doi.org/10.1103/PhysRevApplied.14.044058
https://doi.org/10.1063/1.3573870
https://arxiv.org/abs/https://doi.org/10.1063/1.3573870


10

M. Nesladek, Room-temperature control and electrical
readout of individual nitrogen-vacancy nuclear spins, Na-
ture Communications 12, 4421 (2021).

[38] E. Bourgeois, M. Gulka, and M. Nesladek, Photoelectric
detection and quantum readout of nitrogen-vacancy cen-
ter spin states in diamond, Advanced Optical Materials
8, 1902132 (2020).

[39] A. Gruber, A. Drabenstedt, C. Tietz, L. Fleury,
J. Wrachtrup, and C. v. Borczyskowski, Scanning confo-
cal optical microscopy and magnetic resonance on single
defect centers, Science 276, 2012 (1997).

[40] D. Wirtitsch, G. Wachter, S. Reisenbauer, M. Gulka,
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