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Color center in diamond

• Impurity doped in diamond 
• Optically addressable/read-out qubit  
• Spin-dependant fluorescence even at RT 
• Magnetic, temperature and strain sensitive 
• Biocompatible, chemically stable, thermally conductive and 

mechanically hard 

B. Hensen, et al., Nature 526, 682-686 (2015)



Application of diamond color-center

Quantum computer Quantum enhanced sensor

exploiting their vastly different Larmor frequen-
cies. We detected their response signal with the
probe (Fig. 2A). The intrinsically broadband RF-
excitation wire and the wide bandwidth of our
nanoscale NMR probe allow for multispin species
detection. Detailed spin Hamiltonian and mea-
surement sequence description are provided in
the supplementary materials.
For liquid-state samples, the time TD for diffu-

sion through our nanoscale detection volume lim-
its the achievable spectral resolution (19, 20, 25).
In essence, diffusion changes the distribution of
spatially inhomogeneous statistical polarization
and thus diminishes the correlation between the
sensor signal of the “init” and “read” parts (Fig.
1C). To mitigate this effect, one could increase the
viscosity of the host medium for the molecule
under study. However, for large viscosity, NMR
spectra broaden because of a lack of molecular
mobility (19). As a result, a further parameter to
optimize is the detection volume. With growing
sample-sensor distance d, the spin signal per
volume decreases, and the sensor acquires sub-
stantial spin signals from larger volumes (Fig.
2B). The diffusion time is thus prolonged as
TDº d2

2!D, where D relates to the diffusion coef-
ficient of the sample spins (supplementary mate-
rials) (25). To achieve a spectral resolution of

1 ppm for the D of the substances we used (Fig.
3F), we require an effective sample volume of
(20 nm)3 corresponding to an NV depth of d ≈
25 nm (Fig. 2B). To reach sufficient signal strength
S, we need to increase the total sensing time t
(Fig. 1C, “init” and “read”) according to

S ¼ S0
!
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where g is the gyromagnetic ratio of the sensor
spin, B2

rms is the variance of the sample spin mag-
netic field at the sensor (the effect of statistical
polarization), and T sensor

2 is the coherence time
of the sensor electron spin. B2

rms , on the other
hand, is proportional to 1/d3. The measured pro-
ton and fluorine signal strengths (1H and 19F,
respectively) are shown in Fig. 2C for different
depths up to ~100 nm and varying total sensing
time t up to ~0.6 ms, corrected for the coherence
decay of the sensor. The sample spin density r
and the sensor’s coherence time T sensor

2 limit the
practical sensor distance (supplementary mate-
rials). For the present case, because of the long
T sensor
2 (>200 ms), we were able to detect even

diluted samples of proton and fluorine spins in
principle up to a distance of 100 nm (supple-
mentary materials).

For the present experiments, we chose highly
viscous fluids: polybutadiene [(CH2CH = CHCH2)n]
with about n = 90 subunits per polymer strand
in the case of 1H NMR, and perfluoropolyether
{PFPE; CF3O[–CF(CF3)CF2O–]x(–CF2O–)yCF3} with
about x = 140 and y = 13 subunits per polymer
strand in the case of 19F NMR. The polymer strands
are on the same length scale as our detection
volume. Ramsey experiments for these two fluids
are shown in Fig. 3, A and D. The data reveal
multiple frequency oscillations (Fig. 3, A and D).
In the case of PFPE, the fast Fourier transformed
(FFT) data in Fig. 3B exhibit two peaks arising
from fluorine spins with different chemical shifts,
which match the reference NMR spectrum ob-
tained with a conventional 400-MHz NMR spec-
trometer. The linewidth of the major peak is
1.3 ppm (Fig. 3C) for the NV nanoscale NMR. By
comparison, conventional NMR yields a 10-fold
narrower line. Furthermore, the FFT of the poly-
butadiene 1H NMRmeasurement in Fig. 3E shows
two peaks, as expected (26). The proton chem-
ical shift of the CH2 groups (Fig. 3E, inset, chem-
ical structure) is dominated by the sp3 hybridized
neighboring carbon atom and thus shows a chem-
ical shift similar to alkanes (~1 to 2 ppm), where-
as the chemical shift of protons in the CH group
is dominated by the sp2 hybridized neighboring
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Fig. 1. Nanoscale NMR sensor and its func-
tionality. (A) Phase acquisition time T required
to resolve chemical shift and J-couplings for 1H
NMR according to Eq. 1 at an applied magnetic
field B of 3 T (with g = gH = 2p · 42.576 MHz/T).
The bottom light-blue arrow marks the phase
acquisition time required to resolve different
proton chemical shifts (Dd < 13 ppm). The top
two arrows indicate the required phase acquisition
time for resolving proton-proton and proton-carbon
J-couplings (JHH and JCH). The red line marks the
maximum phase acquisition time (spectral res-
olution limit) imposed by the spin-lattice relaxa-
tion time of the memory spin. The gray vertical
lines mark the resolution achieved in the present
work. (B) Schematic representation of NV
diamond–based nanoscale NMR probe setup.
The probe and sample are located in the room-
temperature (RT) bore of a 3-T superconducting
vector magnet. The probe is optically excited, and
its fluorescence response is detected via a con-
focal microscope. MW waveguides and RF wires
provide the oscillating magnetic fields for spin
manipulation. (Right) Zoomed-in view illustrating
the nanoscale probe-sample arrangement. The
nanoscale NMR probe consists of a NV electron
spin quantum sensor in diamond with an intrinsic
15N nuclear spin quantum memory. It detects
sample spins within the indicated detection vol-
ume.The probes used in this study had a distance
to the sample ranging from 34 to 95 nm. (C) The
nanoscale NMR probe detection scheme relies
on in situ correlation of sample magnetization
from the initialization and readout stages. During the phase acquisition time, arbitrary NMR pulse sequences alter sample spin magnetization
(for example, Ramsey spectroscopy, magnetization decay measurement, homonuclear decoupling, or higher-dimensional spectroscopy). While
the sensor detects, the memory preserves sample magnetization information for later correlation via efficient quantum algorithms. Hence, the memory
lifetime determines spectral resolution [see (A)]. Quantum nondemolition measurement of the memory state yields measurement data bit by bit with high
fidelity (details are provided in the supplementary materials).
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The impact of operating temperature

• Max. cooling power ~100uW 
• Price ~600KEuro
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• Max. cooling power ~0.1W 
• Price: ~100KEuro

T=100mK T=4K



Engineering challenges in diamond 
color-center

• Integration with photonic and CMOS circuits 

• Efficient spin-photon interfaces 
• Predetermined positioning of color centers 

• Wafer-scale diamond growth and processMaterials

Devices

Circuits



Large scale epitaxial growth of diamond

2D array of micro-diamonds grown on silicon wafer



Photonic crystal cavity in diamond

 Fig. 3  Photonic crystal cavities (left) can confine photons of a specific wavelength in a small 
volume. Similar to semiconductor crystals, photonic crystal structures can posses a bandgap on their 

dispersion diagram (right).

The fabrication of a 2D photonic crystal cavity structure in diamond can be perform with nano-
fabrication and thin film processes in a cleanroom. First we start making a mask with a sacrificial 
silicon-on-insulator (SOI) substrate. Using a combination of electron-beam lithography, focused-ion 
beam milling and reactive-ion etching, we can pattern and transfer the structure of the photonic crystal 
onto the crystalline layer on the SOI substrate. Finally, using hydrofluoric acid we can etch the buried 
oxide and undercut our structure. Later this structure can be placed on top of our diamond slab and act 
as a micro mask for nitrogen implantation for the colour centre at the desired location and also for 
pattern transfer into the photonic crystal shape by means of oxygen plasma etching.

To measure the spectral response of the implanted NV centres within our photonic crystal cavity, we 
can employ a technique known as optically-detected magnetic resonance (ODMR). Using an external 
magnetic field aligned with the symmetry axis of the NV centre, the degeneracy between the spin 
states mS = ±1 can be lifted. When a short green laser pulse is shone on the NV centre, it gets mostly 
polarised on the spin state mS = 0. After this, if a second green laser pulse is shone on the NV centre, 
the photoluminescence that can be collected by a confocal microscope will be maximum. However, if 
in between laser pulses we apply a microwave signal with energy equal to the difference between the 
mS = 0 and the mS = -1 (mS = +1) state, we will detect a dip in the photoluminescence.  This is the 
basis on how we can detect the spin state of the NV centre in diamond.
 
Quantum enhanced accelerometer 
 
The diamond colour centre opens pathways towards implementing various sensing applications. 
Using the atom-like property and coherent spin manipulation, sensitivity can exceed the classical 
limit, for example the thermal noise. One possible application is an accelerometer which senses strain 
applied to diamond operating at room temperature. As shown in Figure 4,  we use a mass suspended 
by four tiny beams that are made inside the diamond slab. In case of an impact, the mass will move 
and this will result in a strain on the tiny beams. In each of these beams there is a colour centre that 
will have variations in its photoluminescence signal, detected by ODMR, when the strain is high due 
to changing the state of the spin. 
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Diamond integration with silicon

Diamond slab
Ph.C.

Optical Link

MW lines

CMOS image sensor

CMOS 
processor

DC lines

On-chip
Heterojunction 

laser

DiamondDiamond

Photonic Circuits in Si 
Wafer



IoE

10Graph from Thin Film Electronics ASA presentation by Dr. Davor Sutija
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Flexible

Bio-degradable/
compatible

High-speed/
Low-power

Future electronics challenge

Low-cost/Low 
energy carbon 

footprint

Printed Silicon on Paper



Printed Silicon with liquid silicon

M. Trifunovic, et al., npj Flexible 
Electronics (1), 12 (2017)

HSi!

Hydrogenated amorphous silicon (a-
Si:H)!

Flexible 
Bio-degradable/compatible 
High-speed 
Low-cost 

Stretchable substrate

Printed strain 
sensor Printed pH 

sensor

Wearable

Medical

Agrifood



Fabrication in cleanrooms

• Printing silicon 
• Photonic structure

• Diamond growth  
• Diamond nano structure
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QIT is for you, if you… 

• want to use you hands for making emerging electronics 
• are keen to interact with semiconductor device/material/

equipment manufacturing companies  
• like Japanese food (and others)



More to read

• "Cheap and environmental friendly silicon chips printed on 
paper" 

• "High-mobility poly-Si TFTs directly printed on paper" 
• “Diamond color centers for quantum internet and sensor”, 

Issue 22.3, MAXWELL, April 2019

https://www.tudelft.nl/en/eemcs/current/nodes/stories/cheap-and-environmental-friendly-silicon-chips-printed-on-paper/
https://www.tudelft.nl/en/eemcs/current/nodes/stories/cheap-and-environmental-friendly-silicon-chips-printed-on-paper/
https://www.eenewseurope.com/news/high-mobility-poly-si-tfts-directly-printed-paper
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