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Optical logic gates call for materials with giant optical nonlinearity to break the current performance 
bottleneck. Metal–organic frameworks (MOFs) provide an intriguing route to achieve superior optical 
nonlinearity benefitting from structural diversity and design flexibility. However, the potential of MOFs for 
optoelectronics has been largely overlooked and their applications in optical logic have not been exploited. 
Here, through temporally manipulating the nonlinear optical absorption process in porphyrin-based 
MOFs, we have successfully developed AND and XOR logic gates with an ultrafast speed approaching 1 THz 
and an on–off ratio above 90%. On this basis, all-optical information encryption is further demonstrated 
using transmittance as primary codes, which shows vast prospects in avoiding the disclosure of security 
information. To the best of our knowledge, this is the first exploration of MOFs for applications in ultrafast 
optical logic devices and information encryption.

Introduction

Integrated circuits that utilize networked logic gates to process 
Boolean logic operations are building blocks of modern com-
putation and information processing [1,2]. Unfortunately, 
current electronic transistor-based logic gates are approaching 
their final performance limitations (i.e., reaching the ending 
of Moore’s law [3]) due to impractical energy consumption [4] 
and restricted operation speed [5]. In contrast to electronic 
logic gates, the all-optical logic gate [1,6], a fundamentally 
new technology that operates by optical nonlinearity and uti-
lizes photons as information carriers, offers an unprecedented 
opportunity to circumvent the “electric bottleneck” [7] and 
satisfy the growing demand in computational processing 
power nowadays. However, the majority of proposed designs 
[8–11] to realize optical logics have yet to show improved per-
formance compared to their current electronic counterparts. 
One of the essential challenges is that tiny optical nonlinearity 
in materials imposes general trade-offs between speed, energy, 
footprint, and dissipation [6,10].

To circumvent the abovementioned challenge and improve 
the nonlinearity from the matter part, recent intriguing ideas have 
smartly utilized metal–organic frameworks (MOFs) as matrices 
to host molecules with strong intrinsic optical nonlinearity 

[12,13]. Benefitting from the structural diversity [14] and coor-
dinately orientated organic molecules [15], photo-induced carrier 
absorption and relaxation processes in such systems can be flex-
ibly controlled [16], therefore providing the possibility to exhibit 
giant optical nonlinearity [17,18]. Furthermore, with the devel-
opment of MOF synthesis methods, the highly structured and 
crystalline surface-supported MOF nanofilms (SURMOFs) 
[12,19] make this material even more promising for optical 
logic devices. Unfortunately, current application-oriented MOF 
studies have focused on electrochemistry/catalysis [20,21] and 
the giant optical nonlinearity in MOFs has never been exploited 
for optical logic gates so far.

In this work, we have demonstrated that by using femto-
second laser pulse sequences, porphyrin-based SURMOFs can 
be used as a material platform for ultrafast optical logic gates 
based on the physics of nonlinear optical absorption processes 
(i.e, a phenomenon in which the absorption process differs 
under low and high optical excitation [22]). Our strategy 
changes the dynamic competition among different absorption 
processes by injecting an additional nonequilibrium carrier 
population from the control pulse, thereby permitting an ultra-
fast and deep modulation of the probe pulse transmittance 
(e.g., an on–off ratio of more than 90% and a switching speed 
faster than 1 ps have been achieved for the proposed AND 
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and XOR logic gates). More importantly, as a proof-of-concept 
logic implementation of the proposed optical gates, we have 
further achieved high-security information encryption and 
authentication using probe transmittance as primary codes. 
These results have provided new application scenarios for 
MOFs and will stimulate fascinating MOF-based photonic 
applications.

Methods

OA, Z-scan measurements
The barium boron oxide (BBO) crystal is utilized to double the 
output of a Ti:sapphire amplifier (1 kHz, 45 fs, 800 nm, Spectra-
Physics) into a 400-nm, 100-fs laser pulse. The laser pulse with a 
wavelength of 400 nm is incident onto the porphyrin MOF nano-
film with a Plano-convex spherical lens (focal length = 150 mm), 
and the beam size at the focal spot is about ~12.5 μm in radius. 
The porphyrin MOF nanofilm is mounted on the linear delay 
stage to change the beam size excited on the sample, and trans-
mittance is measured by the lock-in system (SR830, Stanford 
Research Systems).

Probe-control experiments
The output of a Ti:sapphire laser (center wavelength: ~800 nm; 
pulse width: ~45 fs) is frequency-doubled into 400 nm using 
the BBO crystal and then split into 2 beams with a 1:1 intensity 
ratio, which is used as the control and probe pulses, respec-
tively. A scan delay unit in the probe arm is used to control 
the time separation (Δt) between the control and probe pulses. 
The polarization of the control pulses is perpendicular to the 
probe pulse to avoid any optical interference, and these 2 

sequential optical pulses are focused on the sample fixed at the 
focal plane.

Results

Porphyrin-based SURMOFs on quartz substrates are synthe-
sized based on the so-called liquid phase epitaxy to form 
self-assembly of cobalt ions and porphyrin molecules [[5,10,15,20- 
(4-carboxyphenyl) porphyrin] (TCPP)] [12,15]. As schematically 
illustrated in Fig. 1A, the porphyrin-SURMOF is based on the 
established SURMOF-2 structure with 2 building units [23]: 
Co-oxo trinuclear clusters are connected with ditopic TCPP 
linkers to yield a packed 3-dimensional topological network 
with highly oriented chromophores (the infrared absorption 
spectrum has confirmed the formation of coordination bonds 
between TCPP and Co acetates based on the vanishment of the 
C=O stretching in the free carboxylic group of TCPP; see 
details in Fig. S1). Meanwhile, the scanning electron micros-
copy image presented in Fig. S2 indicates a highly uniform 
nanofilm with a thickness of 400 nm and distinct in-plane/
out-of-plane peaks in x-ray diffraction verify that porphyrin-
based SURMOFs are orientated along the [011] lattice direc-
tion (see Fig. S3) [12,15,23]. Furthermore, absorption and 
photoluminescence spectra (see Fig. S4) inform that the Soret 
band, which corresponds to the transition from the ground 
state (S0) to the second excited state (S2), is located around 
420 nm. To characterize whether porphyrin-based SURMOFs 
are suitable for optical logic gates, the optical nonlinearity is 
measured in situ by the open-aperture (OA), Z-scan technique 
with the 400-nm, 100-fs pulse excitation (details of the Z-scan 

A B C

Fig. 1. Excitation density-dependent OA Z-scan measurements of porphyrin-based SURMOFs. (A) Schematic diagram of the structure of porphyrin SURMOFs, which are the 
self-assembling of cobalt ions and porphyrin linkers. (B) The 2-dimensional map of 400-nm laser pulse transmittances as a function of the scan distance and the excitation 
peak density, in which a clear transition from SA to RSA with increasing excitation densities can be observed. Please note that the measured optical transmittance is normalized 
based on the value when the sample is far away from the focal point [i.e., abs(Z) = 15 mm]. (C) Transmittance curves with 3 representative excitation intensities are presented. 
Black curves are fitted with the nonlinear transmission equation.
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experiment are provided in Methods). The normalized excita-
tion intensity-dependent optical transmittances are presented 
in Fig. 1B (individual Z-scan curves with different excitation 
intensities can be found in Fig. S5), which clearly exhibits 
that the transmittance of porphyrin-based SURMOFs is distinct 
with increasing excitation densities (I): With I less than 27.37 
GW/cm2, the highest transmittance is found at the focal point, 
which suggests the saturable absorption (SA), while with I 
above 27.37 GW/cm2, a typical characteristic of reverse satu-
rable absorption (RSA) gradually appears with a transmittance 
valley near the focal point.

The dramatic transition from SA to RSA in a narrow excita-
tion intensity range, together with the strong SA response 
(i.e., the normalized transmittance in the SA regime is as high 
as 11), indicates that porphyrin-based SURMOFs should 

exhibit a giant nonlinear optical absorption process. To quan-
titatively determine the nonlinear absorption coefficient, the 
nonlinear transmission equation is utilized to fit the Z-scan 
trace [24–26]:

where q = β × I0 × Leff/(1 + z2/z0
2), with β being the third- 

order nonlinear absorption coefficient, I0 being the excitation 
density at the focal point, and z0 being the Rayleigh length, 
and the effective sample thickness Leff is linked to the linear 
absorption coefficient (α) and the sample thickness (L) by Leff = 
[1 − exp(−αL)]/α. The fitting results (see the black curves in 
Fig. 1C) show that β is as high as 2.64 × 10−3 cm/W, which 

(1)T(z)=
1

√

�q∫
+∞

−∞

ln[1+qexp(− t2)]dt

A

B C

Fig. 2. Ultrafast modulation of the optical transmittance based on the pump-probe configuration. (A) Schematic illustration of the operation principle with the sample fixed at 
the focal plane. By adjusting the time ordering (Δt) and excitation intensity of the control and probe pulse, the probe transmittance will be enhanced or suppressed according 
to the dynamic competition between the absorption processes. The 3-energy diagram and the corresponding dynamic processes are also presented. (B) Kinetic simulation of 
the normalized population density in different states with varying time separations (Δt) for the suppressed transmittance. (C) Kinetic simulation of the normalized population 
density in different states with varying time separations (Δt) for enhanced transmittance. The black circles in (B) and (C) are the rescaling experimental data presented in 
Fig. 3C and F, which show good agreement with the theoretical result.
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exhibits great potential in nonlinear optics (for comparison, β 
at 400 nm in graphene [27], black phosphorus [28], metal chal-
cogenides [29], and MXenes [30] is typically smaller than 1 × 
10−3 cm/W).

According to the electronic state distribution in porphyrin- 
based SURMOFs [12,31], one-photon absorption (OPA; S0 
to S2), excited-state absorption (ESA; S2 to Sn), and two-pho-
ton absorption (TPA; S0 to Sn) occur with the highest transi-
tion probability under the 400-nm excitation. Therefore, the 
nonlinear absorption-induced SA to RSA transition can be 
described by the 3-energy diagram (see Fig. 2A). Please note 
that the triplet level contribution to the nonlinear absorption 
has been neglected due to the slower intersystem crossing 
compared to the femtosecond pulse excitation [32]. It can be 
seen that with different excitation intensities, the transmit-
tance variation in porphyrin-based SURMOFs is governed 
by these 3 absorption processes (i.e., OPA, ESA, and TPA) 
and the intensity transmitted through the sample can be deter-
mined by [26,33] dI/dz ∝  − [σ0ns0 + σ1ns2 + βI]I (where σ0 
and σ1 are the one-photon and excited-state absorption coef-
ficient, respectively; n is the population density in the cor-
responding energy level). Therefore, it is natural to expect 
that if the excitation is separated in the time domain (i.e., 2 
pulse excitations with different time ordering), the nonequi-
librium carrier distribution will substantially change the 
dynamic competition among these 3 absorption processes, 
resulting in an ultrafast modulation of light transmittance. 
Following this thought, Fig. 2A shows the operation principle 
of all-optical transmittance switching based on a probe-con-
trol configuration. Here, the probe pulse propagating through 
the sample located at the focal plane serves as signal input/
output, while the control pulse with a time separation (Δt) is 
utilized to change the dynamic competition among OPA, 
ESA, and TPA processes.

Before moving on to the experimental realization, the pro-
posed optical modulation concept is theoretically examined in 
our kinetic simulations [11,34,35] based on the 3-level energy 
diagram (full details are given in Note S1 and Figs. S6 to S7). 
Please note that this kinetic model utilizes 2 Gaussian excitation 
pulses (Iprobe and Icontrol) with a time separation (Δt) to mimic 
the probe-control configuration and the probe pulse excitation 
intensity is always in the regime of SA. Let us first consider 
suppression of the probe transmittance: When the control pulse 
is strong enough (i.e., Iprobe + Icontrol > 27.37 GW/cm2), TPA 
and ESA processes will overwhelm the OPA process, manifest-
ing as a dominated occupation of the Sn state shown in Fig. 2B. 
Consequently, the probe transmittance will be greatly sup-
pressed because of the SA to RSA transition. It is worth men-
tioning that since the Sn population density at Δt < 0 (i.e., the 
control pulse arrives later than the probe pulse) is simply deter-
mined by the ESA/TPA process, the probe transmittance mod-
ulation speed is faster than 1 ps, while for Δt > 0 (i.e., the 
control pulse arrives earlier than the probe pulse), dynamics of 
carriers excited by the control pulse entangle with the probe 
pulse absorption process, which thus slows down the modula-
tion speed [7,36]. On the other hand, if a weak control pulse is 
adopted (i.e., Iprobe + Icontrol ≤ 27.37 GW/cm2), OPA still dom-
inates the absorption process with a negligible Sn population 
density (see Fig. 2C) and, as a result, the probe pulse transmit-
tance modulation mainly arises from occupation changes in 
the S2 state and an enhanced response is expected due to the 
Pauli blocking principle [29,30,33].

Closely following the concept discussed in Fig. 2, we have 
designed an all-optical XOR logical gate based on the probe- 
control configuration, in which the incident control and probe 
pulses serve as 2 inputs and the pulse propagated through the 
sample is the output terminal (more details of the experimental 
implementation are provided in Methods). As listed in the truth 
table (see Fig. 3A), with Iprobe = Icontrol = 27.37 GW/cm2, when 
the probe pulse is on (logical state 1) and the control pulse is 
off (logical state 0), the probe transmittance of ~11 will not be 
influenced and the output is positive (logical state 1); however, 
if both control and probe pulses are on (logical state 1), the 
probe transmittance will be greatly suppressed due to the RSA 
process and the output becomes negative (logical state 0). To 
determine the modulation depth, we have checked the probe 
transmittance with and without the control pulse incident in a 
zero time delay. As shown in Fig. 3B, the presence of the control 
pulse can decrease the probe transmittance to ~0.7, correspond-
ing to an on/off ratio above 90% [37]. More importantly, this 
significant modulation can be reversibly tuned by switching on 
and off the control pulse excitation and the output signal 
remains nearly unchanged after several 10 min, which demon-
strates good reproducibility and low material fatigue [38].

Another qualitative criterion of logical gates is the modula-
tion speed, which can be determined by varying time separa-
tions (Δt) between control and probe pulses. Fig. 3C displays 
a representative time evolvement of the probe transmittance, 
revealing an ultrafast response with Δt < 0 that vanishes within 
a ~0.72 ps period and a much slower response when Δt > 0, as 
deduced from an exponential decay fit convoluting with the 
laser cross-correlation function [39,40]. With rescaling the 
probe transmittance dynamics, a nice agreement is achieved 
with the simulated Sn population density in Fig. 2B, which con-
firms again our interpretation of the switching behavior: An 
ultrafast response with Δt < 0 arises purely from the TPA and 
ESA, which can modify the probe transmittance in a virtually 
instantaneous manner and allows the modulation speed above 
1 THz, while if the control pulse arrives earlier than the probe 
pulse (Δt > 0), the ultrafast nature is lost due to the involvement 
of relatively slow photocarrier relaxation dynamics, which 
results in a biexponential recovery process with a short lifetime 
of ~0.75 ps and a long lifetime of ~17.4 ps. Please note that this 
slow lifetime is consistent with the carrier deexcitation process 
(~22.3 ps, from S2 to S0) in porphyrin-based SURMOFs (see 
the measured carrier dynamics in Fig. S8).

Aside from the XOR gate, an all-optical AND logic gate (see 
Fig. 3D) is also demonstrated using Iprobe = Icontrol = 13.69 GW/
cm2, in which with 2 inputs on (logical state 1), the probe trans-
mittance is still in the SA regime and will be largely enhanced 
due to the Pauli blocking; thus, a positive output is obtained 
(logical state 1). Similarly, we have also determined the mod-
ulation depth and speed of the AND gate. As shown in Fig. 3E, 
an on/off ratio of ~60% is achieved with and without the control 
pulse modulation, which also exhibits a stable performance 
during a reasonably long time duration. Regarding the modu-
lation speed, we can understand that the probe transmittance 
recovery process with Δt < 0 in the AND gate is slower than 
that in the XOR gate due to negligible contributions from TPA 
and ESA processes under weaker excitation conditions, as 
observed in Fig. 3F. It is worth mentioning that when Δt is 
negative, a sharp response has still been resolved with a lifetime 
of ~1.28 ps due to the giant linear absorption coefficient of 
porphyrin MOFs at 400 nm (49,860 cm−1) [12]. Moreover, a 
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good consistency between the rescaling experimental data and 
the simulated S2 population density is observed (see Fig. 2C), 
which confirms again that occupation changes in the S2 state 
govern the probe transmittance modulation in the AND gate.

As a proof-of-concept logic operation of the proposed all- 
optical MOF-based gates, we have demonstrated a novel and 

high-security information encryption system with the probe trans-
mittance (T) as cryptographic primitives. As shown in Fig. 4A, we 
set an encoding rule of “00” for T = T0 < Tmax, “01” for T0 < T < 
Tmax, “10” for T0 < T = Tmax, and “11” for T < T0 < Tmax. Here, T0 
denotes the probe transmittance without the control pulse mod-
ulation and Tmax represents the maximum probe transmittance 

A

B E

C F

D

Fig. 3. Ultrafast XOR and AND logic gates. (A and D) Schematic of XOR and AND logic gates. (B and E) The normalized probe transmittance of XOR and AND gates by switching 
on and off the control pulse excitation in a zero-time separation fashion (Δt = 0). (C and F) Time evolutions of the probe transmittance change as a function of time separations 
between the control and probe pulses. Insets: Intensity images of the probe spot at 3 representative time separations. Black circles are measured data, while blue and red 
curves are the exponential fitting convoluted with a Gaussian instrument response function (SD σ = 100 fs).
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achieved at the transition excitation density from SA to RSA. 
According to the American Standard Code for Information 
Interchange binary codes, an arbitrary character can be translated 
into a standard 8-bit binary code sequence, e.g., “01100011” for 
the letter “c.” Therefore, specific raw information composed of 
several English characters, for instance, “caep” (acronym of China 
Academy of Engineering Physics), can be effectively translated 
into a 4 × 4 control–pulse–excitation array, where the excitation 
density (Icontrol) of an individual control–pulse–excitation spot in 
a specific position is determined according to the predesigned 
transmittance under a “reading” pulse (i.e., the probe pulse).

As a demo of our information encryption techniques, a 4 × 
4 control–pulse–excitation array with predesigned Icontrol distri-
butions representing the coded information “caep” is illuminat-
ing the porphyrin-based SURMOF sample. Then, the coded 
information is decrypted by collecting the probe transmittance 
from every control–pulse–excitation spot in the whole array 
(see Fig. 4B). As mentioned above, since the probe transmittance 

is closely dependent on Iprobe and the time separation (Δt) 
between control/probe pulses, the security information could 
not be identified whatsoever with a random probe pulse excita-
tion intensity (Iprobe) or under a time-mismatched probe reading 
(i.e., Δt ≠ 0). Here, based on our design, the probe pulse excited 
at Δt = 0 ps with a specific excitation density of 13.69 GW/cm2 
has to be used and the real information could be accurately 
acquired after evaluating the probe transmittance from individ-
ual control–pulse–excitation spots (see the “real information” 
subfigure in Fig. 4B). Otherwise, the pattern can merely be 
translated into meaningless information if the temporal over-
lapping requirement is not satisfied (see “false information” 
subfigures in the upper panel of Fig. 4B) or a random Iprobe is 
adopted (see “false information” subfigures in the lower panel 
of Fig. 4B). These results show that the proposed information 
encryption technique based on ultrafast MOF-based optical 
logic gates significantly enhances the security of the informa-
tion, exhibiting superiority in avoiding information leakage.

A B

Fig. 4.  Proof-of-concept demonstration of the ultrafast logic gates for optical encryption. (A) Schematic diagram of 4 probe transmittance states with the control pulse 
modulation, in which Tmax denotes the probe transmittance with the strongest SA effect and T0 denotes the probe transmittance without the control pulse. (B) Decryption of 
coded information by scanning the probe transmittance. The control pulse with a predesigned intensity pattern is exciting the SURMOF sample to encode 4 letters “caep.” 
The real information could only be acquired unless a probe pulse excited at Δt = 0 with a specific excitation intensity is adopted. Otherwise, the pattern is merely translated 
into meaningless information.
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Conclusion

In summary, we have demonstrated that the nonlinear optical 
absorption process in porphyrin-based SURMOFs can be uti-
lized to achieve all-optical logic gates with superior perfor-
mances. On the basis of optical control-probe schemes with 
varied time ordering, Boolean logics with AND and XOR gates 
have been realized with an on–off ratio above 90% and an ultra-
fast speed approaching 1 THz. On this basis, we have further 
realized a novel quaternary coding platform and exhibited a 
proof-of-concept demonstration of cryptographic application 
with high security. We postulate that these results would pro-
vide valuable enlightenment to the novel design of MOF-based 
optoelectronic applications.
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