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The photorefractive (PR) effect plays a critical role in
emerging photonic technologies, including dynamic volume
holography and on-chip all-optical functionalities. Neverthe-
less, its slow response rate has posed a significant obstacle
to its practical application. Here, we experimentally demon-
strate the enhancement of the PR response rate in a high-Q
thin-film lithium niobate (TFLN) microdisk under UV light
irradiation. At an irradiation intensity of 30 mW/cm?, the PR
effect achieves a high response bandwidth of approximately
256 kHz. By employing this UV-assisted PR effect, we have
achieved rapid laser-cavity locking and self-stabilization,
where perturbations are automatically compensated. This
technique paves the way toward real-time dynamic hologra-
phy, editable photonic devices on a lithium niobate platform,
and high-speed all-optical information processing. © 2024
Optica Publishing Group

https://doi.org/10.1364/0OL.527579

Since the first discovery by Ashkin in 1966 [1], the photorefrac-
tive (PR) effect in lithium niobate (LN) has garnered significant
attention and has been extensively researched [2]. The PR effect
arises from the interaction between the photo-excited space-
charge field and the subsequent electro-optic effect, leading
to a modulation of the refractive index in the medium [3].
Remarkably, this effect can be effectively erased through optical
irradiation or high-temperature treatment, making it a highly
promising candidate for refractive index engineering in LN [4].
Combined with the excellent optical properties of LN, the PR
effect presents a potential avenue for precise control over the
structural characteristics of micro-nano integrated optics. Over
the past few years, the PR effect in LN has played a pivotal
role in optical field modulation and optical information process-
ing; e.g., it has enabled many novel optical applications like
non-volatile storage [5], multi-spectral manipulation [6], phase-
conjugate mirrors [7], and dynamic holographic 3D displays
[8,9]. Additionally, on the LN-integrated photonic platform, the
PR effect has facilitated the implementation of spatial optical
solitons [10], all-optical switches [11], and sub-wavelength grat-
ings [12]. Although numerous optical functionalities based on
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the PR effect in LN have been developed in recent years, the wide
bandgap of LN limits the efficiency of the PR effect, resulting in
slow response (in the order of minutes), low modulation inten-
sities, and poor sensitivity, all of which represent challenges
hindering the further application of the PR effect in LN.

Previous experimental investigations have shown that the
bandgap width of LN is nearly around the photon energy of
UV light [13]. Consequently, when irradiated with UV light,
it is capable of exciting ions located in deep energy levels or
even within the valence band. This excitation process results
in an increased concentration of conduction band electrons
within the LN crystal, thereby enhancing the PR effect [14].
The response rate of the PR effect in LN crystals is primar-
ily limited by the speed of electron diffusion [15,16], which
is very slow. To circumvent this limitation to obtain a shorter
response time or a faster response rate, ion doping has been
introduced in bulk crystals, resulting in a notable reduction of
the response time to 13 ms in bismuth-magnesium co-doped LN
[17]. Furthermore, the optical field can be significantly enhanced
in high-Q thin-film lithium niobate (TFLN) whispering gallery
mode (WGM) microcavities [18,19], favoring the realization of
the PR effect [20], and the PR effect can exhibit a very short
response time of 20.85 ms [21]. Additionally, the phenomenon
of optical mode splitting induced by the PR effect in microcav-
ities has also been observed [22,23], which holds potential for
applications in all-optical programmable devices. Nevertheless,
the current response rate of the PR effect still falls short of meet-
ing the stringent demands of high-speed information processing,
necessitating further research and innovation to overcome this
challenge.

In this Letter, we propose and demonstrate a technique to
enhance the PR response rate by illuminating UV light on the
TFLN microdisk. When a LN crystal is irradiated with 254 nm
UV light, electrons in the valence band are excited to the con-
duction band, resulting in an increase in the free electron density
and a reduction in the buildup and decay time T, of the spatial
charge field E,.. We demonstrate that when a TFLN microcavity
is uniformly irradiated with UV light, the overall wavelength
shift of the resonant mode is suppressed, the forward (from
shorter to longer wavelengths) wavelength scanning spectrum
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Fig. 1. Experimental setup and PR effect mechanism concept
diagram. (a) Schematic illustration of the experimental setup for
the UV-enhanced PR response rate. The UV beam is uniformly
irradiated on the microdisk after passing through a lens. EOM,
electro-optic modulator, VOA, variable optical attenuator; FPC,
fiber polarization controller; PD, photodetectors; OSC, oscillo-
scope; FWG, functional wave generator. (b) Energy-level diagram
of LN under UV irradiation illustrating the processes of the PR
effect. CB, conduction band; VB, valence band.

of the resonant mode is compressed, and the backward (from
longer to shorter wavelengths) wavelength scanning spectrum
is broadened. In particular, the PR response rate increases with
UV irradiation intensity, reaching 256 kHz under 30 mW/cm?
exposure. Finally, we have achieved UV-assisted PR fast stable
laser-cavity locking, which exhibits high immunity to interfer-
ence and stability. These results not only hold great promise for
all-optical control in lithium niobate-on-insulator (LNOI) inte-
grated photonics but also provide a novel approach for enhancing
PR response rates in optical information storage and volume
holography.

Figure 1(a) illustrates the schematic of the experimental setup,
where a UV (254 nm) beam is uniformly irradiated onto the
microcavity after passing through a convex lens. The pump and
probe beams are combined into a tapered fiber through a 10:90
fiber beam splitter and then excite the modes in the microdisk
resonator through evanescent field coupling. The pump (CTL,
Toptica Photonics) and probe (New Focus, TLB-6728) have
different wavelengths, and their polarization and power are con-
trolled by FPC and VOA, respectively. The device utilized in
our experiment is a high-Q (~10°) LN microdisk resonator,
crafted on a Z-cut commercial LNOI wafer (shown in the inset
of Fig. 1(a)). This resonator, with a thickness of 600 nm and a
diameter of 80 um, rests upon a 2-um-tall silica pedestal. The
device was patterned through UV photolithography and chemo-
mechanical polishing (CMP) with a wedge angle of 10° [24].
Hence, the coupling efficiency can be controlled by adjusting the
position of the contact point at the edge of the microdisk [25].

Firstly, we investigate the mechanism of the UV light’s impact
on the PR effect in LN crystals, as depicted in Fig. 1(b). The
PR effect in LN crystals involves several fundamental physical
processes: photoionization, diffusion, and capture leading to the
formation of a space-charge field E,. and subsequent changes
in refractive index resulting from the electro-optic effect. With
LN’s 3.8 eV bandgap [26], UV irradiation prompts valence elec-
trons to transition to the conduction band, raising its electron
concentration. In the long-period grating approximation, the
PR response time equals to the dielectric relaxation time, so
the expression for the generation and decay time 7,. of the
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space-charge field E,. is as follows [3,15]:

£&) 1

Toe = — > Qe = —, (1)

elen, Tse

where g, is the permittivity of the crystal, n. denotes the total
density of charge carriers, e is the electronic charge, f, is the
electronic mobility, and «,, represents the relaxation rate of the
space-charge field. It is evident that an increase in n. will lead to
adecrease in 7., indicating that UV light irradiation can enhance
the response rate of the PR effect. In this study, we controlled
the power of the pump to produce only the PR effect, insufficient
to induce the thermo-optical effect. Under such conditions, the
cavity dynamics are primarily influenced by the PR effect and
can be described by the following equation [27]:

d
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dE,,
7 = _a'stsc + nsc‘|a|2- (3)

Here a and a;, represent the amplitudes of the intracavity field
and the input field, respectively. The pump detuning, denoted as
A, is the difference between the resonant frequency w, and the
pump frequency w,. ¥, and ., refer to the total decay rate and
external decay rate of the mode, respectively. The term gpE,.
represents the resonance frequency shift resulting from the PR
effect, where E,. is the average space-charge-induced electric
field and g = nwyrs; /2 is the electro-optic coupling coefficient
contributed by the Pockels effect [26]. When the pump is coupled
to the microdisk and excites the resonant mode, the space-
charge field is generated through optical absorption-induced
ionization and subsequent charge distribution [3], expressed as
Eq. (3), where n,. denotes the generation coefficient, which is
assumed independent of the optical power for simplicity. Equa-
tions (1)—(3) describe the intracavity dynamics within the optical
cavity during UV irradiation [27,28]. Evidently, UV irradiation
increases «,., resulting in changes in the transmission spec-
trum. The PR effect response faster than the laser scan rate
causes transmission spectrum deformation. A slower response
lags behind intracavity changes, resulting in a temporally uni-
form field [12], leading to an overall blueshift of the resonant
mode without any waveform distortion. In the next section, we
conducted a series of experiments to investigate the specific
impact of UV irradiation on the PR effect.

To investigate the PR effect both with and without UV irradi-
ation, we choose a fundamental transverse-electric (TE) mode
operating at 1549.48 nm. In our experiments, we apply laser
scans that traverse the resonance in both forward and backward
directions at different input powers and scan rates, as illustrated
in Fig. 2. The input power is regulated by a VOA, while the
scan rate is adjusted through the periodically modulated tri-
angular wave. For the scans presented in both Figs. 2(a) and
2(c), the scan rate is maintained at 1 nm/s. Without UV radia-
tion, as shown in Fig. 2(a), the time taken by the laser to scan
through the resonant modes is approximately 0.022 s, which is
significantly shorter than the response time of the PR effect
(~1005s). Therefore, the PR effect perceives the time-periodic
pulse-modulated intracavity intensity as an average intensity,
which is proportional to the input power [12]. As a result, the
final transmission spectrum exhibits an overall blueshift, while
the waveform remains unchanged. However, in the presence of
UV radiation, depicted in Fig. 2(c), as the input power rises from
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Fig. 2. Experimentally measured transmission spectra of the
TFLN microdisk. (a) Forward and backward laser-scanned trans-
mission spectra of the microdisk under different optical powers
with a fixed scan rate 1 nm/s without UV irradiation. The power in
the tapered fiber varies from —5 to —35 dBm. (b) Forward and back-
ward transmission spectra of the same microdisk resonator with
different scan rates at a fixed input power of —5 dBm without UV
irradiation. The scan rate varies from 0.5 to 20nm/s. (¢) and (d)
display the results of the transmission spectra with UV irradiation
under the same conditions as (a) and (b), respectively. The trans-
mission spectra are normalized with respect to the reference power
meter.

—35 to —5 dBm, the resonance shape undergoes a notable defor-
mation but the overall blueshift is suppressed. The PR effect
leads to a decrease in the refractive index, causing the linewidth
of the resonant mode to narrow during forward scanning and
broaden during backward scanning. Subsequently, we fix the
input power at —5 dBm and vary the laser scan rate from 0.5 to
20 nm/s, as exhibited in Figs. 2(b) and 2(d). In the absence of UV
irradiation (Fig. 2(b)), the resonance maintains its Lorentzian
shape and exhibits a blueshift as the scan rate decreases dur-
ing scanning from blue to red. Conversely, with UV irradiation
(Fig. 2(d)), the resonance shape transforms from a Lorentzian-
like shape to a triangular shape, resembling the characteristics
of the thermo-optic effect in the opposite way [29]. Additionally,
the small redshift of the resonant mode in the lowest transmis-
sion spectra in Figs. 2(c) and 2(d) where the PR effect is very
weak, is caused by the temperature increase of the LN microdisk
after absorbing UV photons. This observation suggests that the
PR effect response rate under UV irradiation could be on par
with the thermo-optic effect response, attaining up to the kHz
order of magnitude [30]. We expect this effect to also apply to
the x-cut TFLN microresonator, as the increase in electron con-
centration due to UV irradiation is not dependent on the crystal
orientation.

To characterize the relationship between UV irradiation and
PR response rate, we further investigate the magnitude of PR
response rate under different UV irradiation intensities. The
refractive index change induced by the PR effect can act on
all resonant modes supported by the microdisk resonator, so
we can read the PR response rate using another beam of probe
light. As shown in Fig. 1(a), the power intensity of the pump
light is modulated by an EOM driven by RF signals, and the
probe signal at another wavelength is detected by a PD after
passing through a bandpass filter to filter out the pump light.
By fixing the wavelength of the probe at the red-detuned side of
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Fig. 3. Impact of UV irradiation power on the PR response rate.
(a) Normalized transmission spectrum of the TFLN microdisk at
telecommunication wavelengths. The mode where probel is excited
and the mode where the pump is excited to possess the same radial
mode number, and the FSR is 3.78 nm. The right part shows the
detuning of probel (blue) and probe2 (orange) at different pump
powers. Inset: electric field patterns. (b) and (c) Temporal response
(probel) of the dynamic control with the modulation rate of 32
and 128 kHz, respectively, under UV irradiation at 20 mW/cm?.
(d) shows the normalized extinction of the transmission of probel
plotted against modulation rates under varying UV irradiation pow-
ers. The extinction values are normalized to the maximum value
observed, and the dashed line represents the modulation bandwidth.

the resonant mode, where the wavelength of the probe is slightly
longer than the resonant wavelength, the intensity modulation of
the pump light will be observed in the transmission spectrum of
the probe through the PR effect. The left part of Fig. 3(a) shows
the long-range transmission spectrum of the microdisk from
1545.5 to 1552.5 nm, where probel at 1545.7 nm has the same
radial mode number as the pump, while probe2 at 1546.95 nm
is another family of resonant modes. Due to the high degree
of overlap between modes in the same family, the detuning of
probel is more affected by the pump power than probe2, as
shown in the right part of Fig. 3(a). Hence, probel is selected
to read the PR response rate. The intensity of UV irradiation
received by the microdisk can be modulated by altering the dis-
tance between the UV LED and the microdisk. Figures 3(b) and
3(c) respectively show the modulated transmission of probel
in different frequencies of sine waves corresponding to 32 and
128 kHz under UV irradiation at 20 mW/cm?. When the mod-
ulation rate reaches 32 kHz, the transmission of probel follows
the modulation very well, showing a large modulation extinction
of 90%. But when the modulation rate approaches 128 kHz, the
modulation extinction decreases obviously, shown as Fig. 3(c).
Figure 3(d) depicts the power extinction of the transmission of
probel against the modulation rate at different UV irradiation
intensities. Under 30 mW/cm? UV light irradiation, the band-
width of the PR response can reach approximately 256 kHz, and
the corresponding relaxation time is 3.9 ps, which is much faster
than the situation without UV irradiation (~60s) [12].

Finally, we demonstrate a technique to rapidly stabilize the
laser-cavity lock utilizing the UV-assisted PR effect. As shown
in Fig. 4, we control the laser backward scan across the resonant
mode, pause at different transmission points, and observe the
evolution of the transmission spectrum over time. It can be seen
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Fig. 4. UV-assisted PR fast locking during the downward wave-
length scan. (a) and (c) Backward laser-scanned transmission
spectra of the same mode without and with UV irradiation, respec-
tively, and the scan rate is 0.01 nm/s. The wavelength scanning of
the laser is paused at different moments (marked with different
color stars), and corresponding transmission spectra versus time
are shown in (b) and (d). Without UV irradiation, the transmission
spectra require approximately 100 s to stabilize. However, with UV
irradiation, the transmission spectra stabilize instantly, and the noise
is much lower than when there is no UV irradiation, demonstrating
that perturbations are self-compensated.

that without UV irradiation, the response time of the PR effect
is very long, the system needs about 100s to stabilize, and
the noise is relatively large, as shown in Figs. 4(a) and 4(b).
In this case, it is difficult to accurately lock the laser at the
resonant frequency (A=0) [28]. However, upon exposure to
UV irradiation of 20 mW/cm?, the resonance shape transforms
into a triangular shape as depicted in Fig. 4(c). Remarkably,
once the laser wavelength scanning ceases, the system promptly
attains a stable equilibrium state and sustains it over an extended
period, as illustrated in Fig. 4(d). In fact, the physical principle
corresponding to this phenomenon is the same as thermo-optic
locking, except that the refractive index here decreases instead
of increases. Therefore, this is also a self-stable equilibrium, in
which disturbances can compensate themselves, as evidenced by
the good signal-to-noise ratio in Fig. 4(d). Using this technique,
we can accurately lock the laser at the resonant frequency for a
long time (A =0), as indicated by the red star in Fig. 4(c).

In conclusion, we have demonstrated that the response rate
of the PR effect can be significantly enhanced by UV irradi-
ation in a TFLN microdisk. We observe that the stronger the
UV irradiation intensity, the faster the response rate of the PR
effect. Under 30 mW/cm? UV irradiation, we achieve a modu-
lation bandwidth of approximately 256 kHz for the PR effect,
which has never been realized in LN crystals and resonators
[17,21,31-34]. Furthermore, we demonstrate a rapidly stabiliz-
ing laser-cavity locking technique utilizing the UV-assisted PR
effect, enabling the laser to be locked at the resonant frequency
for extended periods, achieving self-stabilization. This opens up
new avenues for refractive index modulation in all-optical sig-
nal processing and nonlinear integrated photonics applications
[35,36]. Additionally, it provides a new approach for increasing
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the response rate in real-time dynamic holographic 3D displays
and high-speed signal processing based on PR materials.
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