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Femtosecond saturable and reverse saturable absorption in Hibiscus sabdariffa dye has been theoretically studied with 40 fs 
laser pulses at 515 nm and 1030 nm, respectively. Theoretical simulations agree well with reported experimental results. 
Ultrafast all-optical OR and AND logic gates at 515 nm, as well as NOT, universal NOR and NAND logic gates at 1030 nm 
have been designed based on optimization of nonlinear absorption to achieve enhanced contrast and low-power operation. 
An optical limiter and all-optical diode have also been designed demonstrating the material’s ultrafast performance, tunability, 
stability, and versatility for practical applications. 
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1. Introduction 
 

The pursuit of ultrafast all-optical (AO) information 

processing has garnered significant attention, aiming to 

harness light-matter interactions to surpass the performance 

of traditional electronic circuits. To realize this vision, the 

development of efficient AO switches with rapid response 

times, high contrast, and minimal power consumption is 

essential [1,2]. Additionally, other desired features include 

ease of fabrication, small footprint, cost-effectiveness, 

reconfigurability, tunability of its properties, durability, low 

insertion losses, high extinction ratio, photothermal and 

chemical stability as well as the scalability to integrate into 

circuits and networks [3,4]. 

A diverse variety of organic and inorganic nonlinear 

optical (NLO) materials has been explored for photonic 

applications. These materials include azobenzene, 

porphyrins, phthalocyanines, rhodopsins, fluorophores, 

chromophores, green fluorescence protein, photoactive 

yellow protein, semiconductor doped glasses, fullerenes, 

push-pull organic conjugated system, covalent and metal-

organic framework films, graphene and its nanofilms, 

transition metal oxides and transition metal 

dichalcogenides, DNA biopolymer doped with natural dyes, 

two-dimensional materials, twistacenes, MXenes, 

perovskites, quasi 2D perovskites and nonlinear plasmonic 

metasurfaces [5–34].  

Among organic NLO materials, naturally occurring 

plant and fruit-derived natural pigment and dyes also 

exhibit strong NLO properties, and cost effectiveness 

making them attractive alternatives to synthetic dyes in 

photonic technologies [35–44]. NLO characterization that 

includes nonlinear absorption (NLA), nonlinear refraction 

(NLR) and two-photon absorption (TPA) in beetroot, 

blackberry, cherry, red cabbage, curcumin derivatives, tea, 

henna, β-carotenoids, pumpkin seed oil, turmeric, betanins, 

chlorophylls, and natural tomato has been reported and 

some AO device applications such as signal modulation, 

switching, and optical limiting have also been demonstrated 

with cw and pulsed lasers [36-44]. These materials exhibit 

broad absorption profiles and rapid response times [47]. 

Natural dyes from the anthocyanin family exhibit 

notable optical properties, including significant NLA and 

NLR [37,38,48]. Variations in the composition of 

anthocyanin-based organic dyes lead to noticeable changes 

in the intensity and position of the absorption bands, which 

in turn affect both the NLA coefficients and nonlinear 

refractive index, largely due to their molecular structure 

[49].  

The Hibiscus sabdariffa flower is abundant in 

anthocyanins, making its extract a promising candidate for 

exploring NLO properties. Its NLO characteristics arise 

from the significant number of delocalized π-electrons 

within the anthocyanin structure, which contribute to strong 

3rd harmonic generation, TPA, and intensity-dependent 

refractive index [50,51]. The different NLO properties of H. 

sabdariffa have been experimentally explored with 

continuous wave and pulsed lasers [45,48,50–53]. Various 

materials have been integrated with H. sabdariffa dye to 

improve its performance for specific applications in the 

biosynthesis of nanoparticles, antibacterial, anticancer and 

photocatalytic activities, bioimaging, sensing, broadband 

photodetector, dye sensitized solar cells and textile 

industries [54–56]. 

Recently, ultrafast NLO and transient absorption (TA) 

studies on Hibiscus sabdariffa dye have been reported with 

laser pulses of pulse duration 40 fs at wavelengths of 515 

nm and 1030 nm [50]. The dye demonstrates a notable 

negative NLA coefficient (β) of -2.7 × 10-11 cm/W at 515 

nm, whereas it shows a positive NLA coefficient of +2.1 × 

10-13 cm/W at 1030 nm. The TA decay experiments with fs 

laser pulses of pulse duration 40 fs at 515 nm indicate a 

rapid relaxation time of  approximately 3 ps, which is 

associated with the excited state proton transfer process 

[50,51].  
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AO logic gates and AO diodes (AODs) are crucial 

components in AO computing and networks. An AOD can 

be formed based on axially asymmetric NLA, which is 

achieved by placing a saturable absorber material adjacent 

to a reverse saturable absorber material. Hibiscus sabdariffa 

exhibits both saturable absorption (SA) and reverse 

saturable absorption (RSA) properties at 515 nm and 1030 

nm, respectively. Thus, by simply adjusting the wavelength, 

an AOD can be realized with H. sabdariffa extract. Its 

ultrafast NLA response outperforms many other naturally 

occurring organic dyes, making it an interesting candidate 

for AO device applications [36,38]. 

Hence, the objective of this paper is to: (i) conduct a 

comprehensive theoretical study of fs NLA dynamics in 

Hibiscus sabdariffa dye, (ii) study the effect of input 

intensity (Io), effective path length (L) and NLA coefficient 

(β) on SA and RSA characteristics, and determine the 

optimal photostimulated conditions for the design of (iii) 

ultrafast AO OR, AND, NOT, as well as the universal logic 

gates, NAND and NOR, (iv) optical limiter and (v) AO 

diode. 

 
 
2. Theoretical model 
 

Ultrafast NLA of Hibiscus sabdariffa dye in the fs 

regime can be interpreted using a two-level energy model 

as represented in Fig. 1 [50,57–59]. The ground-state (S0) 

exhibits low absorption at the excitation wavelength of 

1030 nm, where the energy of photon is nearly half the 

energy difference between the S0 and the excited state (S1). 

Electrons make a TPA-induced transition from S0 to S1, as 

they cannot make direct transition to S1 due to less photon 

energy than the excitation energy. Hence, TPA is the 

dominant NLA mechanism under the laser input intensity of 

pulse duration 40 fs laser at 1030 nm. The fs TA 

experiments with H. sabdariffa dye reveal that the excited-

state population has a lifetime of about 3 ps, which is too 

short for the population buildup necessary for excited state 

absorption [50]. At λ = 515 nm, the electrons from S0 make 

transition to S1 with one-photon absorption (OPA) that 

results in SA.  

 
 

Fig. 1. Energy-level diagram for Hibiscus sabdariffa dye  

(colour online) 
 

The temporal variation of population densities in 

various energy states at 1030 nm are expressed as, 
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where 𝑛𝑆0
 and 𝑛𝑆1

 are the population distribution of the S0 

and S1 states, respectively. 𝜎0  denotes the absorption cross-

section of S0, τ1 is the lifetime of S1 and β is TPA coefficient 

as shown in Fig. 1. 

The intensity (𝐼) of the transmitted light through the 

sample is expressed as, 
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The input Gaussian pulse is expressed as, 
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,  𝜔0 is the 

beam waist radius, 𝑧0 is the Rayleigh range, 𝜏𝑃  is the pulse-

width, and  𝐼𝑜 is the peak input intensity. Given that, 𝑧 << 

𝑧0 and 𝜔(𝑧) = 𝜔0, the sample is considered to be 

positioned at the beam’s focal point, neglecting propagation 

effects. Rayleigh length is considered to be sufficiently 

larger than the sample path length to avoid the propagation 

effects. 

Ultrafast AO logic gates may be realized by 

considering binary inputs Gaussian laser pulses with 

maximum pulse peaks occur at 𝑡𝑚1, 𝑡𝑚2 and 𝑡𝑚3 as follows 

[10]: 
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The nonreciprocity of an AOD can be determined by 

the following equation [60]: 

 

𝑑𝐵 = 10 × 𝑙𝑜𝑔 (
𝑇𝑓𝑜𝑟𝑤𝑎𝑟𝑑

𝑇𝑟𝑒𝑣𝑒𝑟𝑠𝑒
)                   (7) 

where the nonlinear transmittance values for forward and 

reverse directions are represented by 𝑇𝑓𝑜𝑟𝑤𝑎𝑟𝑑  and 𝑇𝑟𝑒𝑣𝑒𝑟𝑠𝑒, 

respectively. 
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3. Results and discussion 
 

Numerical simulations have been used to analyse 

ultrafast NLA in Hibiscus sabdariffa dye by considering 

equations (1-4). The study is based on reported experiments 

with fs laser pulses at a 1 kHz repetition rate, functioning  

at 515 nm and 1030 nm to excite the sample, with 

experimental parameters, σ0 = 1.2 × 10-21 cm2, ω0 = 55 μm, 

τP = 40 fs, τ1 = 2.8 ps, concentration = 81 mM, β = -1 × 10-

11 cm/W at 515 nm, β = 1.7 × 10-13 cm/W and  1.3 × 10-12 

cm/W at 1030 nm for L = 1 mm and 2 mm, respectively 

[50].  

The Fig. 2 illustrates the time-dependent transmittance 

with Hibiscus sabdariffa dye in distilled water for various 

Io values. As illustrated in Figs. 2(a) and 2(b), SA is evident 

at 515 nm, while RSA is observed at 1030 nm. The 

maximum percentage modulation achieved for RSA is 70% 

at Io = 5 × 1012 W/cm2 (Fig. 2 (b)). The time-dependent 

change in normalized population density is presented in Fig. 

3, which shows that the population of S0 decreases with a 

corresponding build-up of the population of S1 (Fig. 3(a) 

and 3(b)). The results from the theoretical simulations align 

closely with the experimentally reported ultrafast Z-scan 

open aperture results [50].  

 

 
 

Fig. 2. Time-dependent change in transmittance during 40 fs pulse under varying Io values at: (a) L= 1 mm and β = -1 × 10-11 

cm/W, (b) L = 2 mm and β = 1.3 × 10-12 cm/W (colour online)  

 
 

Fig. 3. Time-dependent change in normalized population densities at 1030 nm and τP = 40 fs for different Io values: (a) 2 × 1012 W/cm2, 

(b) 4 × 1012 W/cm2 (colour online)

The variation in RSA with change in L values is shown 

in Fig. 4 (a). On increasing L, the transmittance gradually 

decreases and then saturates. The maximum percentage 

modulation is 86% at Io = 4.9 × 1012 W/cm2 and L = 6 mm. 

This is due to the increased absorbance, which enhances the 

probability of photon-molecule interactions for a larger 

sample size [50]. It has been shown that NLA’s dependence 

on the L suggests that NLA surpasses NLR. As a result, it 

can be deduced that the self-focusing effect seen in the 

Hibiscus sabdariffa dye under intense pulses is a result of 

the nonlinear Kerr effect, induced by the excitation of 

chromophores by the incoming pulses [50, 51]. But 

increasing the sample size will lead to the bulky optical 

circuits and impractical for future technological 

advancements. 

The RSA properties also depend on the value of the 

TPA coefficient, as illustrated in Fig. 4(b). As the β values 

increase, the percentage modulation also increases. At β = 4 
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× 10-12 cm/W, maximum percentage modulation is 97.16% 

at Io = 4.9 × 1012 W/cm2, and L = 2 mm.  

 

 

 
 

Fig. 4. Time-dependent change in transmittance during 40 fs pulse for different values of: (a) L at Io = 4.9 × 1012 W/cm2, (b) β at Io = 

4.9 × 1012 W/cm2 and L = 2 mm (colour online)

The RSA characteristics have been used to study 

optical limiting at 1030 nm as shown in Fig. 5 that exhibits 

the suitability of  Hibiscus sabdariffa dye for this important 

application [61]. The optical limiting threshold, defined at 

90% of the linear transmittance, was found to be at 7×1011 

W/cm2. A stronger attenuation point corresponding to 50% 

transmission reduction occurs at 4×1012 W/cm2, indicating 

the deep nonlinear absorption regime. The clamping 

threshold transmittance, which is the maximum output level 

beyond which the transmitted intensity does not increase 

significantly, even if input keeps increasing is 0.43. 

 

 
 

Fig. 5. Femtosecond optical limiter with Hibiscus sabdariffa dye 

at 1030 nm, ω0 = 25 μm and τP = 40 fs (colour online) 
 

 

 

 

 

The wavelength-dependent SA and RSA characteristics 

of dye have been utilized to theoretically design ultrafast 

AO binary logic gates, including OR, AND, NOT as well as 

the universal gates. To achieve this, theoretical simulations 

were performed by considering two input Gaussian laser 

pulses as expressed in equations (5) and (6) of equal 

intensity at 515 nm for OR, AND and at 1030 nm for NOT 

and the universal Boolean logic gates, to excite the sample. 

The maximum input pulse intensities considered for SA and 

RSA are below 1.4 TW/cm2 and 5 TW/cm2, respectively, at 

which reported z-scan experiments have been performed 

and no  thermal effects have been observed [50]. 

The SA characteristics are utilized to design ultrafast 

AO OR and AND Boolean logic gates using two input 

pulses of equal intensity, each with 𝐼𝑜 = 6.5 × 1011 W/cm2 

as shown in Fig. 6. The transmittance through the sample 

for each individual pulse is 1.89. However, when both the 

pulses are incident together, the combined input intensity 

leads to an increase in transmittance because of the SA. 

Without setting a threshold value of transmittance, this 

configuration enables ultrafast AO OR Boolean logic gate 

functionality. The output will be high when at least one of 

the pulses is present, and low when neither pulse is present, 

as shown in Fig. 6. By setting a transmittance threshold 

value at 1.89 (dashed line), the identical set up functions as 

an ultrafast AO AND logic, producing the high output only 

when both pulses are incident at the same time. 
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Fig. 6. Time-dependent change in output transmittance at 515 nm 

and design of ultrafast AO binary inputs logic gates (with a 

threshold of 1.89, shown by the dashed line): (a) and (b) 

Normalized input pulse profiles, (c) OR (without threshold) and 

AND (with threshold) logic gates at Io = 6.5 × 1011 W/cm2, β = -

1 × 10-11 cm/W, L = 1 mm and τP = 40 fs (colour online) 

A single-input ultrafast AO NOT logic gate at Io = 4.8 

× 1012 W/cm2 has been theoretically designed as shown in 

Fig. 7. When a pulse is incident on the sample, a reduction 

in transmittance occurs because of RSA, resulting in the 

NOT logic with a percentage modulation of 70%. 

 

 
 

Fig. 7. Time-dependent change in output transmittance at 1030 

nm and design of ultrafast AO NOT logic gate at Io = 4.8 × 1012 

W/cm2, L = 2 mm and τP = 40 fs (colour online) 
 

The RSA properties at 1030 nm have been utilized to 

theoretically design ultrafast AO universal NAND and 

NOR logic gates using two input pulses of equal intensity, 

each with Io = 2.4 × 1012 W/cm2 as shown in Fig. 8. When 

the pulses arrive simultaneously, the transmittance 

decreases in comparison to the individual RSA response. 

The ultrafast AO NOR logic gate is realized by defining a 

logic 0 below transmittance value 0.56, where the output 

remains low if either of the two or both of the pulses are 

incident and switches to high only in the absence of both 

pulses. The modulation for NOR logic gate is 44%. 

Using the identical setup, an ultrafast AO NAND logic 

gate is designed by defining a threshold value of 

transmittance at 0.56 (indicated as dashed line in Fig. 8). 

Here, the output remains low solely when both pulses arrive 

together whereas it is high under all other situations. The 

modulation for NAND logic gate is 24%. The truth table for 

AO universal logic gates is presented in Table 1. 

 

 
 

Fig. 8. Time-dependent change in output transmittance at 1030 

nm and design of ultrafast AO binary inputs universal logic gates 

(with a threshold of 0.56, shown by the dashed line): (a) and (b) 

Normalized input pulse profiles, (c) NOR (without threshold) and 

NAND (with threshold) logic gates at Io = 2.4 × 1012 W/cm2, L = 

2 mm and τP = 40 fs (colour online) 

 

Table 1. Truth table for ultrafast AO binary inputs universal logic 

gates 

 
Input 1 

(TW/cm2) 

(Logic 

States) 

Input 2 

(TW/cm2) 

(Logic 

States) 

Normalized Output 

Transmittance  

(Logic States) 

NOR NAND 

0 (0) 0 (0) 1 (1) 1 (1) 

0 (0) 2.4 (1) 0.56 (0) 0.56 (1)  

2.4 (1) 0 (0) 0.56 (0) 0.56 (1) 

2.4 (1) 2.4 (1) 0.32 (0) 0.32 (0) 

 

The theoretically designed ultrafast AO logic gates are 

capable of parallel implementation. Fig. 9 presents a 

schematic representation for this, where two input pulses 

with intensities Iin1 and Iin2 passes through the sample. 

 

 
 

Fig. 9. Diagram illustrating the realization of binary inputs 

parallel AO logic gates with Iin1 = Iin2 
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For sustained operation, regular pulse excitation is 

required. Fig. 10 illustrates the effect of pulse frequency at 

Io = 4.8 × 1012 W/cm2. The pulse interval that best maintains 

the same contrast is 89 fs, with a 70% modulation contrast, 

resulting in a high bit rate of 11.23 Tb/s. This analysis can 

help to optimize the bit rate to enable efficient, ultrafast and 

low-power AO computing. 

 

 

 
 

Fig. 10. Effect of pulse frequency at 1030 nm, Io = 4.8 × 1012 W/cm2, τP = 40 fs, and L = 2 mm (colour online) 

 

An AOD can be theoretically designed using a 

combination of two nonlinear materials that exhibit SA and 

RSA [62–64]. Instead of using two separate materials for 

SA and RSA, a single material that displays both effects 

based on changes in Io, λ, L, τP, or concentration can be 

employed to design an AOD. Here, an AOD has been 

designed by simply adjusting the wavelength rather than 

combining two distinct materials exhibiting SA and RSA 

behaviour. In the forward bias, a fs pulse passing through 

the sample at 515 nm would exhibit an SA response, leading 

to a sharp increase in light transmission as shown in Fig. 

11(a). Reverse bias occurs when the wavelength is switched 

to 1030 nm, where the sample exhibits RSA, resulting in 

intensity attenuation as shown in Fig. 11(b). Nonreciprocal 

transmission of an AOD is achieved theoretically with a 

nonreciprocity of 3.28 dB, as shown in Fig. 11(c). 

The SA and RSA  characteristics in Hibiscus sabdariffa 

dye occur at lower intensities compared to those observed 

in CuPc-doped PMMA nanofilms [14]. The modulation for 

the AO NAND gate with Hibiscus sabdariffa dye and 

MoTe2 nanofilms is 24% and 8%, respectively [23]. The 

modulation for AO NOR gate with Hibiscus sabdariffa dye 

and CuPc-doped PMMA thin films is 44%, and 20%, 

respectively. The NLO characteristics of different organic 

materials are presented in Table 2, which shows that 

Hibiscus sabdariffa dye has an NLO coefficient comparable 

to those of the other organic materials. The NLO properties 

of Hibiscus sabdariffa in dye form can differ significantly 

when the same material is analysed as a thin film due to 

changes in molecular orientation, concentration, and 

interactions between the molecules and the substrate [65]. 

The NLO characteristics of Hibiscus sabdariffa dye can be 

tailored across a broad wavelength spectrum using different 

approaches, such as modifying its chemical structure or 

chemically bonding it with materials that display strong 

NLO responses to create hybrid materials [66]. The synergy 

between multiple nonlinear processes and the significant 

interactions resulting from light-driven electron or energy 

migration within these composite materials enhances the 

NLO characteristics. As a result, Hibiscus sabdariffa dye is 

a prospective material for photonic applications owing to its 

NLO characteristics. 
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Fig. 11. Illustration of an AOD configuration: (a) Forward, (b) Reverse bias configurations, and (c) Theoretically designed AOD 

characteristics with Hibiscus sabdariffa dye (colour online)

Table 2. Comparison of NLA coefficient of different organic materials 

 

Materials λ (nm), τP (fs) Io (W/cm2) β (cm/W) Ref. 

Hibiscus sabdariffa 
1030, 40 (2.8-4.9) ×1012 (2.1 ± 0.4) ×10-13 [50] 

515, 40 7.1×1011-1.4×1012 (-2.7 ± 0.5) ×10-11 [50] 

Poly(ε-caprolactone) (PCL) and 

gold (Au) nanocomposite 
800, 90 2.37 × 1012 -6.02×10-11 [67] 

Polyether(ether)ketone (PEEK) 387, 180 ∼3 × 109 ∼3.8×10-8 [68] 

Fe2O3 Hexagonal nanostructures 800, 100 1016-1017 10-13 [69] 

Black Phosphorus quantum dots 
800, 60 (11.59-28.12) ×109 (−7.78 ± 0.4) ×10-11 [70] 

1550, 65 1.05×1011-1.30×1012 (4.39 ± 0.15) ×10-11 [70] 
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4. Conclusion 
 

A comprehensive theoretical study of the ultrafast 

wavelength-dependent SA and RSA in Hibiscus sabdariffa 

dye has been carried out with fs laser pulses of pulse width 

40 fs at 515 nm and 1030 nm, respectively. The formulated 

theoretical model has been validated by comparing 

simulated results with recently reported ultrafast z-scan 

open aperture experimental results, which are in good 

agreement. The effect of Io, L and β on SA and RSA 

characteristics has been studied and further optimized for 

implementing various ultrafast AO Boolean logic gates 

namely, NOT, AND, OR, and universal NAND and NOR. 

The maximum percentage modulation is 97.16% at Io = 4.9 

× 1012 W/cm2, and L = 2 mm. The RSA characteristics have 

also been utilized to propose an optical limiter. At Io = 2.4 × 

1012 W/cm2, the modulation for all-optical NOR and NAND 

logic gates is 44% and 24%, respectively. The suitability of 

Hibiscus sabdariffa dye for optical limiting has also been 

studied. The pulse interval that best maintains the same 

contrast is 89 fs, with a 70% modulation contrast, resulting 

in a high bit rate of 11.23 Tb/s. A wavelength-dependent 

AOD has been designed based on axially asymmetric NLA 

which results in nonreciprocity of 3.28 dB. These results 

show that the ultrafast NLA characteristics of Hibiscus 

sabdariffa dye can be useful for ultrafast all-optical 

computing applications.  
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