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9 ABSTRACT: Single photon emitters (SPEs) are critical
10 building blocks needed for quantum science and technology.
11 For practical applications, room-temperature solid-state plat-
12 forms are critically demanded. To scale up quantum
13 information processing using, for example, wavelength
14 division multiplexing quantum key distribution, a large tuning
15 range beyond emission line width of single photon energy is
16 required. Stark effect can tune the single photon energy by an
17 electric field. However, it has been achieved only at cryogenic
18 temperature to pursue a shift larger than emission line width. A large stark tuning beyond emission line width at room
19 temperature still remains elusive. Here we report the first room-temperature Stark effect of SPEs with a giant Stark shift of single
20 photon energy up to 43 meV/(V/nm), largest among all previous color center emitters. Such a giant Stark shift is 4-fold larger
21 than its line width at room temperature, demonstrated by exploiting hBN color centers. Moreover, the intrinsic broken
22 symmetries are determined via angle-resolved Stark effect, for the first time, by the orientation of the electric permanent dipole
23 moment in the solid-state SPE, which is unachievable in traditional optical polarization measurement. The remarkable Stark
24 shift discovered here and the significant advance in understanding its atomic structure pave a way toward the scalable solid-state
25 on-chip quantum communication and computation at room temperature.

26 KEYWORDS: Stark effect, single photon emitter, hexagonal boron nitride, color center, symmetry breaking,
27 permanent electric dipole moment

28Over the last two decades owing to their exceptional
29 electronic and optical properties, van der Waals (vdW)
30 materials, ranging from semi-metallic graphene1 and semi-
31 conducting transition-metal dichalcogenides2 to insulating
32 hexagonal boron nitride (hBN), have enabled remarkable
33 scientific and technological breakthroughs. Both the single
34 materials and the heterostructures have been exploited to
35 demonstrate appealing device applications,3 such as light-
36 emitting diodes,4 lasers,5 and optical modulators.6 While most
37 cases deal with classical information, only a few studies have
38 been reported in the quantum regime at liquid helium
39 temperature.7−12 Recently, color centers in hBN have emerged
40 as superb room-temperature solid-state single photon emitters
41 (SPEs),13 which opens up the possibilities of utilizing vdW
42 materials as a platform for room-temperature solid-state
43 quantum information systems.14−16 They are capable of
44 working at room temperature and are among the brightest
45 SPEs due to their high internal quantum efficiency. Moreover,
46 high-efficiency photon extraction can be greatly facilitated by
47 their intrinsic layered material structure.13 Consequently,
48 millions of linearly polarized photons per second can be easily
49 detected without additional photon extraction structures.
50 Furthermore, their facile integration with photonic and

51electrical components is highly preferred for integrated on-
52chip quantum information systems.2,3,17

53One major challenge for all solid-state SPEs is the random
54variation of emission energy caused by the inhomogeneity in
55local environment. Such variation breaks the indistinguish-
56ability of single photons from multiple emitters, which is
57critically required for large-scale quantum computation, such as
58universal linear optics18 and boson sampling.19 The random-
59ness also prevents scaling up the room-temperature quantum
60communication systems from using wavelength-division multi-
61plexing (WDM) where indistinguishability is not required, due
62to the stringent requirement on the precision of photon energy
63placed by the narrow-band optics.3 Stark effect, which
64describes the shift of spectra lines by an external electric
65 f1field (Figure 1c), can precisely control SPE photon energy and
66be facilely integrated into quantum systems,20 advantageous
67over other tuning methods such as temperature,21 strain,22,23

68and magnetic field.24 It has been used to tune the emission
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69 energy of quantum dots,20 SPEs in layered WSe2,
25 atomic

70 emitters such as NV centers and SiV centers in diamond,26−29

71 and organic dye molecules.30 However, because either the
72 emitters only produce single photons at low temperature or the
73 effect was too weak to observe at room temperature, all the
74 previously demonstrated Stark shifts in these traditional SPEs
75 were at liquid helium temperature, placing significant
76 challenges for practical quantum applications.
77 In this paper, we report the first room-temperature Stark
78 effect of SPEs up to 43 meV/(V/nm), discovered in hBN color
79 centers with an in-plane nanoscale electrode design. Moreover,
80 we develop a rotating field method to resolve the angular
81 dependence of the Stark effect to determine the underlying
82 symmetry of the color center. With this method, we directly
83 observe, for the first time, a dipolar pattern of the Stark shift
84 that is well aligned with the optical polarization. This dipolar
85 pattern unambiguously reveals an electric permanent dipole
86 moment which proves the breaking of inversion and rotation
87 symmetries at the hBN SPE. The discovered remarkably giant
88 room-temperature Stark effect and the significant advance in
89 understanding its atomic structure could enable new
90 possibilities of quantum information technologies, such as
91 WDM and indistinguishable single photon sources, at room
92 temperature.
93 Results and Discussion. To achieve large Stark shift of
94 our hBN SPEs and to fully characterize its dependence on the
95 amplitude and orientation of the local electric fields, we design
96 the nanoscale four-electrode device (Figure 1). SPEs in
97 multilayer hBN nanoflakes are chosen due to their much
98 better optical performance compared to those in monolayers.13

99 Multiple electrodes are carefully designed to surround the
100 SPEs such that we can control not only the amplitude but also
101 the direction of the electric field, in contrast to the experiments
102 using vertical electrodes where the electric field is limited in a
103 fixed direction.31−34 We develop a down-scaled four-electrode
104 device with gaps as small as 200 and 400 nm between the
105 adjacent and diagonal electrodes, respectively. In this case, it
106 can achieve unprecedented large electric field on the order of
107 0.1 V/nm, orders of magnitude higher than previous reports
108 using similar in-plane electrode design.27,35 Figure 1a,b shows
109 microscope images of the fabricated four-electrode device. We
110 locate the SPE on the hBN flake by a localization analysis of its

111photoluminescence (PL) profile with respect to the electrodes
112(see Figure S1 for details).
113The high-quality single-photon emission from the hBN color
114center is verified by PL spectroscopy at room temperature
115 f2before applying external electric fields (Figure 2a). The
116majority of its PL emission is attributed to the zero-phonon
117line (ZPL) at 2.088 eV. The narrow full width at half-
118maximum (∼7 meV) provides evidence as a high-quality
119emitter. Two small phonon sidebands (PSBs) are observed at
1201.921 eV (PSB1) and 1.753 eV (PSB2), with the frequency
121difference of ∼1370 cm−1 corresponding to the E2g phonon of
122hBN.36 The well-resolved doublet at PSB1 is a typical feature
123for hBN nanoflake.15−17 A few tiny peaks are visible that might
124result from the PL emission of other color centers in the
125collected region. The emission of the hBN SPE is linearly
126 f3polarized (blue circles and curve in Figure 3b), which fits well
127to a cosine-squared function with a visibility of 0.72. Many
128SPEs are characterized under the identical pump laser
129polarization, and the detected photons are linearly polarized
130in various directions, thus the polarization observed here is
131specific to the SPE and not due to optical excitation. We
132measure the second-order coherence function (g(2)) after
133device fabrication using a Hanbury Brown and Twiss (HBT)
134setup, from which single photon emission is confirmed by a
135raw antibunching dip of g(2)(0) = 0.45 (Figure 2a inset). By
136fitting the g(2) data to a single exponential decay function, we
137estimate the lifetime of our SPE to be 4.2 ns.
138After characterizing and confirming the SPE optical
139properties, we apply voltages within ±100 V between the
140electrodes A and B (Figure 2b inset) to study the Stark effect.
141PL emission spectra are collected at each voltage. Figure 2b
142plots the ZPL PL intensity map as a function of photon energy
143and applied voltage. A huge Stark shift of 31 meV is clearly
144observed which is 4-fold larger than its room-temperature line
145width (∼7 meV). Based on our calculation, such voltage
146generates a local electric field ∼0.36 V/nm, which indicates a
147large effect of 43 meV/(V/nm). To further analyze the effect,
148we extract the ZPL peak position as a function of applied
149voltage in Figure 2c. The Stark shift is approximately linear to
150the applied voltage with a tuning efficiency of 137 μeV/V and
151reverses sign at opposite electric field, which suggests a
152nonzero electric permanent dipole moment at the color

Figure 1. Device and physics of the Stark effect in hBN SPE at room temperature. (a) Two-channel optical image of the fabricated four-electrode
device (yellow, bright-field image of the gold electrodes; red, PL image of the hBN SPE). (b) Zoom-in pseudocolor SEM image of the same device.
The hBN nanoflake (purple) hosts the SPE (red dot) whose position is found from a localization image analysis of (a) (see Figure S1 for details).
A, B, C and D (yellow) denote the four gold electrodes where voltages are applied to generate external electric fields. (c) Illustration of the Stark
effect of the SPE (represented by a two-level system) with an optical transition from the excited state |e⟩ to the ground state |g⟩. The emitted
photon energy is tuned via shifting the electronic levels by a local electric field F. At room temperature, the electronic levels and thus the emitted
photon energy are broadened (characterized by ΔE(T)) due to electron−phonon scattering, which sets the minimum Stark shift needed for
practical use.
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153 center.27 The slight deviation from linearity is possibly due to
154 the light induced ionization in nearby nonemitting defects.27

155 The line width of the emission does not show clear
156 dependence on the applied electric field, consistent with
157 previous reports on color center SPEs35 (Figure S2b). The
158 repeatability and stability of such room-temperature giant Stark
159 effect are further characterized in multiple emitters (Figures
160 S3−S5). A similar tuning range is also obtained at 80 K
161 (Figure S6), which also confirms the giant Stark effect is
162 intrinsic to the emitters rather than a temperature-induced
163 effect and is consistent with a previous report.31

164 The underlying symmetry of the atomic structure can be
165 further revealed by the Stark shift that depends not only on the
166 magnitude of the applied field but also its orientation.37 We
167 develop here a rotating field method to probe electric
168 permanent dipole of the hBN SPE by characterizing the
169 angular dependence of the Stark effect. With a fixed local
170 electric field magnitude of 0.08 V/nm, the ZPL is 1.13 meV

171red (1.32 meV blue) shifted when the applied field points to
172140° (320°), while the shift with the electric field along 230° is
173negligible. The Stark shift hΔν as a function of the angle θ of
174the local field F is well-fitted with the electric permanent dipole
175moment model (Figure 3b) based on perturbation theory to
176the first order:

h F F cos( )μ μν ϕ θΔ = −Δ × = −|Δ || | − 177(1)

178where Δμ and ϕ denote the dipole moment responsible for the
179Stark effect and its orientation angle, respectively. Such a result
180further justifies that the Stark effect is dominated by an electric
181permanent dipolar term. From the fitting, we estimate the
182magnitude of the dipole is |Δμ| = 0.65 ± 0.04 D, where 1 D =
1833.33 × 10−30 Cm, which is on the same order as the NV center
184in a diamond.26 The discovered electric permanent dipole
185moment corresponds to the asymmetric charge distribution at
186the hBN SPE, which will facilitate the future study of the
187atomic structure and electronic levels of the color center. In

Figure 2. Observation of room-temperature giant Stark effect in hBN SPE. (a) PL spectrum of the SPE at 300 K without applying electric field. It
shows a dominating ZPL at 2.088 eV with 7 meV full width at half-maximum (fwhm) and two phonon sidebands (PSB1 and PSB2). The small
peak at 1.988 eV stems from another emitter nearby. Inset: The measured (circles) and fitted (red curve) second-order coherence function g(2) of
the SPE PL after device fabrication. The g(2)(0) of 0.45 demonstrates the single-photon nature. The measurement data are well fitted by a single
exponential decay with a lifetime of 4.2 ns. (b) ZPL spectra of the hBN SPE as a function of voltage applied to electrodes A and B (inset) with
equal magnitude at opposite signs. The achieved Stark shift is up to 31 meV, 4 times greater than its own room-temperature line width. A gradual
decrease in its intensity is noted when voltage changes from −100 to 100 V (Figure S2a), which is possibly due to the change of coupling to dark
state as reported previously in diamond NV center.26 (c) Voltage controlled ZPL energy extracted from emission spectra fitting from (b). The blue
and orange dots correspond to experiment data obtained during the forward and backward sweeping of voltages, respectively. Error bar, 95%
confidence interval of the fitting. A tuning efficiency of 137 μeV/V is obtained by linear regression (yellow solid line). Insets show g(2) of the device
measured at ±10 V, certifying that the single photon emission remains under external electric fields. The spectra and g(2) are measured under the
excitations of continuous-wave 473 and 532 nm lasers, respectively. The acquisition time for g(2) is 10 s. The excitation intensity is 100 μW/μm2 for
all measurements. All the Stark effect data are measured in vacuum, while g(2) is done in ambient air.
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188 contrast, the linear polarization of emitted photons charac-
189 terized in earlier reports is determined only by the optical
190 transition dipole and features cosine-squared angular depend-
191 ence, which omits the information for inversion symmetry of
192 atomic structure (see Methods). We clarify such a distinctive
193 difference in Figure 3b (blue circles). It should be noted that
194 the direction for maximum Stark shift is coincident with that of
195 the emission polarization (Figure 3b inset), which corresponds
196 to the intersection of the mirror symmetry plane of the color
197 center and the hBN atomic layer plane.
198 We emphasize that the key to observe the room-temperature
199 giant Stark shift is a combined effort of several crucial factors.
200 First, the large band gap of hBN crystal and low phonon
201 scattering make a superb room-temperate SPE. Second, the
202 layered structure of hBN likely leads to an in-plane dipole
203 moment,13 such that an applied in-plane electric field can be
204 well aligned with the dipole orientation. Third, a nanometer-
205 sized four-electrode system not only allows us to achieve the
206 control electric field orientation but also reach unprecedented
207 in-plane field strength on the order of 0.1 V/nm.
208 For the first time, we report the room-temperature Stark
209 effect of an SPE up to 43 meV/(V/nm) in hBN color center
210 with a tuning range exceeding 4 times its line width. With
211 developing a rotating field method, we uncover the intrinsic
212 broken symmetries of color centers in hBN through angle-
213 resolved Stark effect. Our results provide a fundamental
214 knowledge for the understanding and applications of color
215 centers in vdW materials and open a new route toward scalable
216 solid-state quantum information systems at room temperature.
217 Methods. Device Fabrication. The hBN nanoflakes are
218 purchased from the Graphene Supermarket, in the form of a
219 liquid suspension, and drop-cast on a silicon substrate
220 (resistivity 1−50 Ω·cm) with ∼280 nm thermal oxide on

221top. The samples are then annealed at 1000 C for 30 min in an
222Ar/H2 environment followed by slow cooling down. Individual
223SPEs are found by fluorescence microscopy and characterized
224by PL emission spectroscopy, polarization analysis, and g(2)

225measurement. Electron beam lithography is used to define the
226electrode pattern around the located SPEs. The electrodes are
227made of 5 nm Ti and 100 nm Au deposited by electron beam
228evaporation.
229Rotating Field Method. When we apply an electric field via
230multiple electrodes, the total external field can be considered as
231linear combination of the fields generated by individual
232electrodes. In our experiment, two voltage signals are applied
233to electrodes A and C (Figure 3b inset), while the other two
234electrodes and substrate are grounded. From linear combina-
235tion, we have the equation below:
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236where Ex and Ey are the x and y components of external electric
237field at the SPE location, K is a 2 × 2 matrix, and VA and VC

238are the voltages applied to electrodes A and C, respectively.
239Matrix K is obtained from three-dimensional FEM simulation
240(COMSOL). The simulated geometry is extracted from the
241real device. In order to obtain the first column of K, we assign
242VA = 1 V and ground electrodes B, C, D. The obtained Ex and
243Ey form the first column of K, and the second column can be
244calculated similarly.
245In order to generate a local field with specific amplitude F0
246and direction θ, we consider the following equation:

Figure 3. Angle-resolved Stark effect of hBN SPE and the discovered symmetry breaking. (a) ZPL spectra of hBN SPE recorded with electric fields
applied in various orientations θ (defined in the inset) with a fixed magnitude (F = 0.08 V/nm). Such electric fields are generated by applying
voltages to electrodes A and C (inset, see Methods for details). The zero-field spectrum is plotted for comparison. When we apply an electric field
along 140° (320°) directions, a 1.32 meV red (1.13 meV blue) shift of ZPL is observed. On the contrary, the electrical field along 230° does not
cause noticeable change in the ZPL spectrum. (b) Angle-resolved Stark shift (orange color, left y axis) and optical polarization data (blue color,
right y axis). The x axis corresponds to the orientation angle of the applied electric field and that of the polarizer in front of the photodetector,
respectively. The orange squares (blue circles) are the measured Stark shift (ZPL intensity) of the single photons, and the solid orange line (dashed
blue line) is the fitting curve according to the electric permanent dipole model in eq 1 (to the linearly polarized emission in cosine-squared
function). The unveiled electric permanent dipole moment uncovers the broken inversion and rotation symmetries at the atomic color center. The
electric permanent dipole moment aligns well with the emission polarization. The inset shows the same data in polar coordinates. The excitation
laser is polarized along the green arrow direction. Three vertical dashed lines in the main panel (blue, magenta and red) correspond to the three
spectra in (a). The photon energies in (b) are obtained by fitting the ZPLs with the Lorentzian line shape. The error bars from fitting are smaller
than 0.03 meV. The Stark shift is measured at 80 K to reduce ZPL fitting uncertainty at small shifts, taking advantage of the narrow line width at
low temperature. The optical polarization is measured at room temperature without applying voltage. As shown in Figure S7, the emission
polarization only exhibits a small change even with large Stark shift.
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247 Here we follow previous works and use the Lorentz
248 approximation to calculate the local field from the external
249 field. L = (εr + 2)/3 is the Lorentz factor. The relative
250 permittivity εr is taken from ref 36. Combining the two
251 equations above gives
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252 Structure Information from Discovered Electric Perma-
253 nent Dipole Moments. The electric permanent dipole
254 moments correspond to the charge distributions of the
255 electronic states of the SPEs. It can be calculated for the
256 ground and excited states of an SPE as

e drrg e, g,e g,e
3∫μ ψ ψ= *

257 where ψ is the wave function of electronic states, and the
258 subscripts g and e correspond to ground and excited states,
259 respectively. Such dipole moments contribute to Stark shift
260 through Δμ = μe − μg (eq 1). A nonvanishing Δμ indicates
261 nonzero μe and/or μg, which must result from non-inversion
262 symmetric probability densities of electrons |ψe|

2 and/or |ψg|
2

263 as well as atomic structure.
264 On the contrary, the optical polarization is determined by
265 optical transition dipole moment μe→g = ∫ ψg*erψedr

3, which
266 emits an optical wave with electric field parallel to the dipole,
267 along the directions normal to it. After polarizer, the detected
268 optical intensity has a squared-cosine dependence I(θ) =
269 I0 cos

2(θ) on polarization angle θ, which returns itself after θ
270 → θ + 180°. As such measurement is always inversion
271 symmetric, it cannot tell whether inversion symmetry breaks or
272 not at the emitter.
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423 S.; Atatüre, M. Wide-Range Electrical Tunability of Single-Photon
424 Emission from Chromium-Based Colour Centres in Diamond. New J.
425 Phys. 2011, 13 (7), No. 075001.

(36)426 Geick, R.; Perry, C. H.; Rupprecht, G. Normal Modes in
427 Hexagonal Boron Nitride. Phys. Rev. 1966, 146 (2), 543−547.

(37)428 Brunel, Ch.; Tamarat, Ph.; Lounis, B.; Woehl, J. C.; Orrit, M.
429 Stark Effect on Single Molecules of Dibenzanthanthrene in a

430Naphthalene Crystal and in a n -Hexadecane Shpol’skii Matrix. J.
431Phys. Chem. A 1999, 103 (14), 2429−2434.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.9b02640
Nano Lett. XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/acs.nanolett.9b02640

