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Here, we demonstrate a new strategy to 
preserve and improve the optical proper-
ties of defect-based color centers via epi-
taxial growth of wide-bandgap inorganic 
materials, in analogy to well-established 
passivation schemes in III–V quantum-
well structures and core–shell semicon-
ductor quantum dots.[16] As a proof of 
principle, we apply this new scheme to 
the recently discovered carbon antisite-
vacancy (CAV) pair in 4H-SiC,[2,17] which 
has been shown to act as a room-tem-
perature single-photon source at visible 
wavelengths.[2] We grow epitaxial passiva-
tion layers of wurtzite aluminum nitride 
(AlN) on 4H-SiC by radio frequency 
(RF) sputtering and demonstrate their 
crystal quality and epitaxy by high-reso-
lution transmission electron microscopy 
(HRTEM) and Fourier transform infrared 
spectroscopy (FTIR). We further show via 
confocal photoluminescence (PL) micro-
scopy that, after the epitaxial protection, 

the color centers exhibit enhanced emission and substantial 
improvement in photostability. Finally, we demonstrate that, 
in these polar AlN/4H-SiC heterostructures, the spontaneous 
polarization of the host material enables charge-state stabili-
zation and spatial control of defect emission. This work rep-
resents the first application of epitaxial inorganic passivation 
schemes to defect-based quantum emitters and provides a 
promising route toward robust single-photon sources with 
improved photostability and permanent, spatially selective 
charge-state control.

The CAV pair in 4H-SiC consists of a carbon atom on a  
silicon lattice site next to a vacancy on a carbon lattice site.[2,17] 
CAV pairs can exist in multiple spatial configurations with 
zero phonon lines in the 670–690 nm range and, at room tem-
perature, exhibit broadband PL over a wavelength range of 
650–800 nm. Previous calculations using density functional 
theory indicate that this PL arises from positively charged CAV 
pairs with a ground (excited) state 1.9 (0.05) eV beneath the 
conduction band minimum, as illustrated in Figure 1a.[2] The 
CAV pairs used in our experiment were created by electron irra-
diation (2 MeV energy) of high-purity semi-insulating 4H-SiC 
substrates followed by high-temperature annealing, as reported 
previously[2] (details of our sample preparation procedures can 
be found in the Experimental Section).

AlN with the hexagonal wurtzite structure provides an ideal 
material for structurally and electronically passivating the sur-
face of hexagonal 4H-SiC and stabilizing its color centers. The 
bandgap of AlN (6.2 eV) is much larger than that of 4H-SiC  

Defect-based color centers in wide-bandgap crystalline solids are actively 
being explored for quantum information science, sensing, and imaging. 
Unfortunately, the luminescent properties of these emitters are frequently 
degraded by blinking and photobleaching that arise from poorly passivated 
host crystal surfaces. Here, a new method for stabilizing the photolumi-
nescence and charge state of color centers based on epitaxial growth of an 
inorganic passivation layer is presented. Specifically, carbon antisite-vacancy 
pairs (CAV centers) in 4H-SiC, which serve as single-photon emitters at  
visible wavelengths, are used as a model system to demonstrate the power 
of this inorganic passivation scheme. Analysis of CAV centers with scanning 
confocal microscopy indicates a dramatic improvement in photostability and 
an enhancement in emission after growth of an epitaxial AlN passivation 
layer. Permanent, spatially selective control of the defect charge state can also 
be achieved by exploiting the mismatch in spontaneous polarization at the 
AlN/SiC interface. These results demonstrate that epitaxial inorganic passiva-
tion of defect-based quantum emitters provides a new method for enhancing 
photostability, emission, and charge state stability of these color centers.

Color Centers

Defect-based color centers in a solid-state crystal represent a 
promising class of quantum emitters. When their energy levels 
lie within the bandgap of a host material, localized defects can 
provide room-temperature single-photon emission with excep-
tional quantum yield,[1,2] enabling new applications in quantum 
optics,[3–9] imaging,[10] and sensing.[11] Charge traps arising 
from unpassivated surface states, surface adsorbates, and 
damage induced by nanofabrication can cause the deterioration 
of the optical properties of color centers, leading to blinking, 
photobleaching, and the destabilization of the emissive charge 
state.[12,13] Although molecular termination schemes have been 
explored in some host materials to protect and passivate the 
surface,[13] these schemes are neither chemically nor thermally 
stable,[14,15] limiting their potential for applications requiring 
long-term stability.
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(3.2 eV), and the lattice spacing of AlN (3.07 Å in the basal 
plane) is closely matched with that of 4H-SiC (3.11 Å), enabling 
effective removal of surface states and high-quality epitaxial 
growth.[18,19] Previous measurements of the band alignments 
(Figure 1a) indicate a clear type-I heterostructure with substan-
tial potential barriers, thereby preventing transfer of photo-
generated charges to the outer AlN surface.[18] High-quality  
epilayers of AlN have previously been grown on 4H-SiC sub-
strates by molecular beam epitaxy (MBE).[19,20] Growth of AlN 
films has also been demonstrated using reactive DC sputtering 
of an aluminum target.[21] In our experiment, 5 nm thick films 
of AlN were grown on both [0001] and [000-1] oriented 4H-SiC 
substrates via RF sputtering of a stoichiometric AlN target at 
500 °C under a 5% N2/95% Ar atmosphere. This RF sputtering 
technique features a slower growth rate compared to DC reac-
tive sputtering, thus allowing for controlled growth of thin 
layers. Analyses of FTIR reflectance data (Figure S1, Supporting 
Information) and HRTEM images indicate high-quality epitaxy 

of wurtzite AlN on SiC with the <0001> directions aligned in 
parallel (Figure 1b; Figures S2 and S3, Supporting Informa-
tion).[22] In addition, HRTEM images of the AlN-SiC interface 
(Figures S4 and S5, Supporting Information) indicate coher-
ence of lattice planes across the interface and sub-nm interfa-
cial roughness.

The CAV centers were characterized using scanning con-
focal PL microscopy before and after AlN epilayer growth under 
3 mW laser excitation at 532 nm (Figure 2). The CAV centers 
were found only near the SiC surface (Figure S6, Supporting 
Information), consistent with the previous findings of Castel-
letto et al.[2] The origins of this behavior are presently unclear. 
Scanning PL measurements reveal that, whereas the count 
rates of the CAV centers on the nonequivalent Si face (0001) 
and the C face (000-1) of 4H-SiC are similar before passivation, 
their behaviors change dramatically upon AlN epilayer growth.

Specifically, confocal microscopy scans reveal that the bright-
ness of the CAV centers on the AlN-passivated C face increases 
dramatically compared to those of bare C-face SiC (Figure 2c,d). 
In contrast, the brightness of the CAV centers on the AlN-passi-
vated Si face (Figure 2b) is reduced from the intensity of those 
on the bare surface (and also to the AlN-passivated C face). 
Spectra of C-face CAV centers after AlN passivation show emis-
sion ranging from 620 to 800 nm with a peak at around 680 nm 
(Figure S7, Supporting Information), consistent with room-
temperature PL data reported previously.[2] Moreover, photon 
correlation measurements (g2(τ)) of these centers (Figure 2d, 
inset) are consistent with single-photon emitters, although 
obtaining a g2(0) signal less than 0.5 proved difficult due to a 
strong diffuse background likely stemming from spatially unre-
solvable CAV centers. The reduction in PL on the Si face after 
AlN passivation rules out the possibility that the increase in 
emission originates from emitters in the AlN layer. This is also 
consistent with the fact that oxygen-related defects in AlN emit 
photons in the range of 350–550 nm, well outside the range of 
the optical filters used for our measurements.[23]

Analysis of CAVs on the AlN-passivated C face reveals a 
substantial improvement in photostability compared to their 
unpassivated counterparts. We focus our analysis on the C-face 
centers, which maintain strong PL emission after the AlN 
epilayer growth. Quantitative analysis of 60 s time traces col-
lected for individual CAVs demonstrates a decrease in blinking 
and photobleaching after AlN deposition. Example time traces 
and composite histograms of absolute count values before 
and after passivation are shown in Figure 3 and Figure S8 
(Supporting Information), respectively. Figure 3a,b, which 
shows composite count histograms representing normal-
ized count values (background as 0 and “on” state count levels 
as 1) obtained from 50 separate CAVs (with 60 s time traces 
with 5 ms resolution), clearly demonstrates the large improve-
ment in photostability after passivation. Prior to passivation, 
the mean normalized count value (N = 50 CAVs) is 0.03 ± 0.48 
(the error denotes one standard deviation), indicating rapid 
photobleaching of CAVs. After AlN epilayer deposition, the 
mean normalized count level (N = 50) improves to 0.80 ± 0.57 
under the same excitation conditions. Further improvement 
in the photostability is observed when lower energy excita-
tion at 660 nm (3 mW laser power) is used. Analysis of time 
traces (Figure 3c,d) yields an improved value of the normalized 
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Figure 1. Band alignments and high-resolution transmission electron 
microscope (HRTEM) images of AlN/4H-SiC heterostructures. a) Band 
alignments for AlN/4H-SiC heterostructures. The bandgaps of 4H-SiC 
and AlN are 3.2 and 6.2 eV, respectively. The positions of the localized 
energy levels of positively charged carbon antisite-vacancy pairs in SiC are 
also illustrated. b) Typical HRTEM image of an epitaxial AlN film grown 
on a [0001]-oriented 4H-SiC substrate.
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count level from 0.08 ± 0.47 (N = 51) to 0.90 ± 0.39 (N = 50)  
after AlN passivation. Absolute count values also increase sub-
stantially following AlN passivation, particularly for 660 nm 
excitation (Figure S8, Supporting Information). The mean 
count level for CAVs increases from 24.6 ± 6.3 kcounts s−1  
to 78.5 ± 25.8 kcounts s−1 for 532 nm excitation and from  
8.8 ± 3.1 kcounts s−1 to 29.2 ± 11.7 kcounts s−1 for 660 nm 
excitation. The significantly lower count rate observed under  
660 nm excitation as compared with 532 nm excitation is likely 
due to the fact that we use a 692 nm long pass filter to remove 
reflected laser light and this filter also removes a substantial 
portion of the PL signal (Figure S8, Supporting Information). 
All data were taken with a fixed incident laser power and do not 
distinguish between a change in ionization rate and a change 
in steady-state populations.

Photostability was further analyzed by quantifying the amount 
of time (out of the 60 s time interval of the measurement) each 

emitter spends in an “off” state outside of a 
tolerance range based on photon shot noise. 
Statistically, approximately 99.7% of measured 
count values for each sampling interval should 
fall within the range λt ± 3(λt)1/2, where λ is 
the average count rate for the “on” state of 
each emitter and t is the sampling time, equal 
to 5 ms in our experiments (see the Sup-
porting Information). The amount of time 
outside this range, defined as τoff, provides a 
quantitative metric for count rate variability 
that originates from blinking/photobleaching 
and other intrinsic sources of instability. Anal-
ysis of the time traces collected under 532 nm 
excitation indicates rapid photobleaching (typ-
ically <1 s) for nearly all emitters, leading to a 
τoff value of 58.4 ± 5.9 s (Figure S9, Supporting 
Information). Upon AlN passivation, substan-
tial improvement in CAV photostability was 
observed under 532 nm excitation, as sig-
nified by the τoff value of 31.6 ± 11.9 s. The 
analysis of the data under 660 nm excitation 
shows similar improvements, as illustrated by 
the change in τoff values from 55.5 ± 8.0 s (for 
unpassivated C-face centers) to 13.5 ± 11.2 s 
for AlN-passivated centers.

As discussed previously, upon AlN passi-
vation, the PL from C-face centers increases, 
whereas the Si-face PL decreases markedly 
(Figure 2). This difference in behavior can be 
understood by considering the polar nature 
of AlN/4H-SiC heterojunctions. In a hetero-
structure grown parallel to the polar [0001] 
axis, a large mismatch in spontaneous polari-
zation exists between the 4H-SiC substrate 
(Ps = −2.16 µC cm−2) and the AlN epilayer 
(Ps = −9.0 µC cm−2).[24,25] In addition, the 
misfit strain between the AlN epilayer and 
the substrate results in an additional piezo-
electric polarization. Schematic illustrations 
of the structures and polarization compo-
nents for both Si and C-face heterostructures 

are shown in Figure 4a,b, respectively. In this situation,[25] the 
interfacial sheet charge can be expressed as follows

P P P Ps
SiC

piezo
SiC

s
AlN

piezo
AlNσ ( )( )= + − +  (1)

Here, the Ps and Ppiezo terms represent the spontaneous and 
piezoelectric polarizations, respectively. The piezoelectric con-
tribution from the relaxed SiC substrate is zero, and the piezo-
electric contribution from the AlN epilayer, which we assume 
to be pseudomorphic, can be expressed as follows
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Here, the piezoelectric constant d31 for AlN is 
−2.65 × 10−12 C m−2 Pa−1, and the elastic constants for AlN are: 
C11 = 410 × 109 Pa, C12 = 140 × 109 Pa, C13 = 100 × 109 Pa, and 
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Figure 2. Scanning confocal photoluminescence images of carbon antisite-vacancy pairs in 
4H-SiC before and after inorganic passivation. a) Typical scanning confocal photoluminescence 
image for an unpassivated Si-face 4H-SiC substrate. b) Scanning confocal photoluminescence 
image for an Si-face 4H-SiC substrate with an AlN epilayer. c) Typical scanning confocal photo-
luminescence image for the unpassivated C face of a 4H-SiC substrate. d) Scanning confocal 
photoluminescence image for the C face of a 4H-SiC substrate passivated with an AlN epilayer. 
A significant increase in defect photoluminescence is observed after passivation. The inset 
shows a second order autocorrelation function (g2(τ)) measurement for a CAV center under an 
AlN passivation layer. The dip near a time delay of zero suggests the presence of single-photon 
emitters amidst a background from densely packed surrounding emitters. The g2(τ) plot was 
normalized to the count level at a time delay value ≈100 ns from the central dip. All images 
were collected with an excitation wavelength of 532 nm and a power of 3 mW. The color scale 
is the same for all panels.
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C33 = 390 × 109 Pa.[25,26] The epitaxial strain ε1 can be expressed 
as follows

a a

a
1

SiC AlN

AlN

ε = −  (3)

The lattice parameters for SiC and AlN are: aSiC = 3.073 Å; 
aAlN = 3.11 Å. These calculations indicate that the epitaxial AlN 
layer should switch the sign of the sheet charge at the SiC sur-
face, leading to a net negative sheet charge of −3.7 µC cm−2 for 
the C face. Although the interfacial charge is likely reduced due 
to the presence of interfacial defects, an accumulation of holes 
is expected near the C face to compensate this sheet charge. 
The CAV center, which is responsible for visible light emis-
sion, is positively charged,[2,27] and thus the passivation-induced 
charge accumulation should lead to preferential stabilization 
of the emissive CAV centers on the C face after AlN passiva-
tion. This polarization-induced mechanism thus explains the 
increase in PL intensity of the C-face heterostructure upon AlN 
passivation in Figure 2. For the Si face, in contrast, an inter-
facial sheet charge of equal magnitude but opposite (positive) 
polarity is expected, leading to an accumulation of electrons 
near the interface. This charge accumulation can destabilize 

the positive charge state of CAVs, resulting in the observed 
suppression of PL for Si-face centers.

Through the patterning of the AlN epilayer, this polariza-
tion effect can be used to achieve spatial control of defect 
emission. As shown in Figure 4c,d, regions of a C-face SiC/
AlN heterostructure in which the AlN passivation layer is 
removed via KOH etching exhibit greatly reduced PL intensity 
relative to the areas with an intact AlN epilayer. Control scans 
taken before and after KOH exposure (Figure S10, Supporting 
Information) indicate that this difference indeed stems from 
the epilayer removal and not from the KOH exposure. This 
polarization effect should provide a promising new route for 
stabilizing/destabilizing a defect-center charge state and thus 
for controlling the emission of color centers in SiC and other 
materials.

In addition to controlling the charge state of the defect 
center, AlN passivation also alters the photostability of a given 
charge state (Figure 3). This can be understood by examining 
the energy levels of the localized defect states with respect to 
the band edges of both the 4H-SiC host and the AlN epilayer. 
For the AlN/SiC system, previous calculations indicate that 
the excited state of CAV centers lies within 0.05 eV of the con-
duction band minimum, allowing for thermal excitation of 

Adv. Mater. 2018, 30, 1704543

Figure 3. Composite normalized count histograms and sample time traces for CAV centers before and after AlN passivation. A value of zero cor-
responds to the background level, and a value of one corresponds to the “on” state count level. These levels are denoted with red lines for clarity.  
a) Composite normalized count histogram for all time traces collected for unpassivated C-face CAVs under 532 nm excitation (left) and corresponding 
representative time traces (right). b) Composite normalized count histogram for all time traces collected for AlN-passivated C-face CAVs under 532 nm 
excitation (left) and corresponding representative time traces (right). c) Composite normalized count histogram for all time traces collected for unpas-
sivated C-face SiC under 660 nm excitation (left) and corresponding representative time traces (right). d) Composite normalized count histogram for 
all time traces collected for AlN-passivated C-face SiC under 660 nm excitation (left) and corresponding representative time traces (right). The large 
improvement in normalized count level, particularly under 660 nm excitation, reflects the large improvement in photostability after AlN passivation. 
The data in these histograms represent normalized count values obtained from time traces of N ≈ 50 separate CAVs collected over 60 s with a binning 
time of 5 ms, and σ denotes the standard deviation of the normalized counts. All data were acquired with an excitation power of 3 mW. The time traces 
have been smoothed with a moving average for clarity. The jump in count rate near ≈0 s in all panels corresponds to the point at which the laser spot 
was placed on the defect center.
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electrons into the SiC conduction band.[2] In addition, excitation 
at 532 nm can result in direct excitation of electrons from the 
CAV ground state into the conduction band.[2] The migration 
of these photoexcited carriers to the surface and subsequent 
charge trapping is often considered a cause for pronounced 
photobleaching/blinking.[12,28] The improvement in photo-
stability observed after AlN passivation is consistent with a 
reduction in surface traps as compared to the unpassivated sur-
faces. This is analogous to the protection of emissive states in 
core–shell quantum dots.[16] The enhanced photostability of the 
CAV centers under 660 nm laser excitation can be attributed to 
the reduced photoionization of CAVs.[2]

As core–shell passivation schemes have resulted in dramatic 
improvements in the luminescence properties of quantum dots, 
inorganic passivation schemes may yield similar improvements 

in the optical properties of solid-state defect centers. Further 
improvements may be achieved through growth of higher 
quality films by techniques such as MBE.[19] Inorganic passi-
vation schemes may also be extended to other types of single 
photon-emitting defect systems in other materials, including 
infrared-emitting defects observed in 4H and 6H-SiC[4–6] and 
color centers in diamond.[1] Cubic boron nitride, which has a 
small lattice mismatch with diamond (3.62 Å for boron nitride 
vs. 3.57 Å for diamond), has particular promise for epitaxial 
passivation of diamond defect centers.[29] The present results 
demonstrate the promise of epitaxial inorganic passivation 
schemes for defect-based quantum emitters and pave the way 
to bright, environmentally robust single-photon emitters with 
superior photostability and permanent, spatially selective 
charge state control.

Adv. Mater. 2018, 30, 1704543

Figure 4. Spatially selective polarization-induced stabilization of the emissive positive charge state for CAVs in 4H-SiC. a) Schematic illustra-
tion of the structure of an Si-face heterostructure of AlN on 4H-SiC. The spontaneous polarization mismatch between 4H-SiC and AlN leads 
to an accumulation of electrons for an Si-face heterostructure. b) Schematic illustration of the structure of a C-face heterostructure of AlN on 
4H-SiC. The spontaneous polarization mismatch in this case can be expected to lead to an accumulation of holes near the junction, leading to 
stabilization of the positive charge state of CAV centers. c) Scanning electron microscope image of an AlN epilayer on a C-face SiC substrate 
patterned by KOH etching. d) Scanning confocal photoluminescence image of the same patterned AlN-passivated C-face SiC substrate illus-
trated in panel (c). The PL intensity is greatly enhanced in regions with an intact AlN passivation layer (corresponding to the region outside 
the patterned circles).
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Experimental Section
Sample Preparation: High-purity semi-insulating 4H-SiC wafers 

were purchased from Cree Inc. Wafers with a chemical–mechanical 
polish on either the Si or C face (part numbers W4TRE0R-0200 and 
W4TRE0R-0600, respectively) were used for analysis of the Si and  
C faces. The as-received wafers were irradiated at an energy of 2 MeV 
and a dose of 1012 cm−2 by Neo Beam Ltd. at Kent State University. The 
irradiated wafers were diced, and the chips were ultrasonically cleaned 
in acetone and 2-propanol, cleaned with 2:1 piranha (H2SO4:H2O2) for 
10 min, and etched with concentrated HF for 2 min. The samples were 
then etched in an STS ICP reactive ion etcher using a mixture of CF4  
(30 sccm) and O2 (15 sccm) at a chamber pressure of 15 mtorr, an 
RF power of 900 W, and a platen power of 50 W for 10 min to remove 
polishing damage. The samples were then cleaned using the same 
procedure with acetone, 2-propanol, piranha, and HF and annealed under 
constant Ar flow for 20 h at 800 °C in a quartz tube furnace. The samples 
were then cleaned with piranha (10 min) and etched with HF (2 min) to 
remove any contaminants and surface oxide created during the anneal.

Epilayer Growth: Films of AlN were grown using RF sputtering of 
an AlN target (AJA International) with an AJA International Orion  
3 sputtering system. Films were grown for 5 min at a power of 150 W, 
a pressure of 4 mtorr, and a temperature of 500 °C. Gas flow rates for 
the process were 19/1 sccm of Ar/N2, and a base pressure less than  
5 × 10−7 torr was attained before the deposition. The SiC substrates were 
cleaned with concentrated HF (2 min) prior to the deposition to remove 
any native oxide.

Film Characterization: FTIR reflectance measurements on AlN films 
were acquired at an angle of 45° using a Perkin Elmer Spectrum One 
spectrometer equipped with a Pike Technologies VeeMax II variable 
angle reflectance unit. Samples for transmission electron microscopy 
(TEM) were prepared using a Zeiss NVision 40 focused ion beam 
system (FIB) equipped with an Omniprobe mechanical probe. Samples 
were coated with a protective layer consisting of ≈50 nm of Ti and ≈1 µm  
of Ag or Au using DC sputtering, milled using the FIB, and lifted out 
with an Omniprobe tip. Samples were attached to Omniprobe TEM 
grids, thinned, and polished using the FIB beam. AlN films were imaged 
using a JEOL 2010-F TEM operated at 200 kV and equipped with a field 
emission gun and an AMT charge-coupled device.

Scanning Confocal PL Measurements: PL measurements were taken 
using a home-built scanning confocal microscope under both 532 and 
660 nm laser excitation in a 3 mW diffraction-limited spot using an air 
objective (150 × and NA = 0.9). For analysis of CAV centers and g2(τ) 
measurements, the PL signal was filtered through a 532 nm notch filter, 
594 nm dichroic mirror, and 600 nm long pass filter, then collected via 
single-mode optical fibers and detected using Perkin Elmer SPCM-AQR-
14-FC single photon-counting avalanche photodiodes. Measurements 
of CAV centers with 660 nm excitation were completed using a 660 nm 
diode laser and PL was collected through a 677 nm dichroic mirror and 
a 692 nm long pass filter. Spectra were collected using a 300 lines mm−1 
grating and a Princeton Instruments PIXIS charge-coupled device.

AlN Patterning: After deposition of an AlN film, an Si3N4 mask was 
deposited using an STS PECVD system. The mask was written into 
PMMA using conventional electron beam lithography, and the pattern 
was transferred to the Si3N4 using HF. Subsequent etching of the AlN 
layer was achieved by immersion in a 70% KOH solution for 10 min 
followed by a 5 min HF etch to remove the Si3N4 mask layer.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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