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The dynamic and steady-state processes of the reverse saturable absorption (RSA) and the related op-
tical limiting (OL) and optical bistability (OB) in metallophthalocyanine have been studied in detail using
rate equations and the light-propagation equation. The experiments for demonstrating RSA, OL, and
OB in a copper phthalocyanine (CuPc) solution with a Q-switched, frequency-doubled neodymium-
doped yttrium-aluminum-garnet (Nd:YAG) laser were accomplished. The experimental results were
consistent with the dynamic theoretical simulations, also approximately in accordance with the expres-
sion of RSA derived from the same equations at the steady-state condition.

PACS number(s): 32.80.Rm, 33.80.Rv

I. INTRODUCTION

Nonlinear absorption means that the absorption
coefficient of the medium depends on the light intensity.
There are two kinds of nonlinear absorption: saturable
absorption (SA), in which the absorption coefficient de-
creases with increasing light intensity, and reverse satur-
able absorption (RSA), in which the absorption
coefficient increases with increasing light intensity.

As early as the 1960s, SA in various organic dyes were
studied for with regard to laser pulse compression [1,2].
Most of the dispersive optical bistability (OB) studied ex-
tensively since 1975 was based on the mechanism of SA
[3]. The origin of SA is due to the ground-state absorp-
tion of the medium, which can be described by a two-
level model or a three-level model. During that time, the
excited-state absorption was only considered as a “residu-
al absorption” [4] or ‘“‘unsaturable background absorp-
tion” which makes the pure absorptive optical bistability
very difficult to realize [3].

Recently, RSA has been found in many organic materi-
als [5-8], especially in molecules with a center-symmetric
structure and the m-electron conjugated system. Metallo-
phthalocyanine (MPc) is one of these materials, which
usually exhibit SA at the peak of the ground-state linear
absorption spectrum [9]; however, at the valley of the
ground-state linear absorption spectrum, RSA could
occur [10], because in this wavelength region the absorp-
tion cross sections of the excited-state are larger than
that of the ground state. The RSA should be described
by a multiple-level model. One of the important applica-
tions of RSA is in optical limiting for sensor and eye pro-
tection [11-15]. It also shows promise as a mirrorless
pure absorptive OB [16].

Up until now, most works on RSA were experimentally
demonstrated. Blau et al. [17,18] presented a set of rate
equations describing a six-level model of the molecular
system and a propagation equation to explain the RSA.

In this paper, we use a similar simplified theoretical
model to simulate the steady-state and the dynamic
behaviors of the RSA, the optical limiting (OL), and the
absorptive OB in a MPc solution under the action of a
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laser pulse with different intensities and pulse widths.
The theoretical simulations have been proved by the ex-
perimental results of RSA, OL, and OB in a copper
phthalocyanine (CuPc) solution using a Q-switched
neodymium-doped yttrium-aluminum-garnet (Nd:YAG)
laser with an off-resonant wavelength of 532 nm.

The time-dependent transit transmission and popula-
tions of each energy level during an input laser pulse, the
contributions of singlet (or doublet) and triplet (or quar-
tet) excited states to RSA, and the effects of concentra-
tion and thickness of sample on OL are also discussed.
The results of RSA, OL, and OB in this paper are suit-
able for all MPc’s or other organic materials and are use-
ful for designing optical limiters, absorptive optical bi-
stable devices, and other photonic devices based on the
excited-state nonlinear absorption.

II. ESTABLISHMENT
OF THE THEORETICAL MODEL

The molecular structure of the MPc is shown in Fig. 1.
It is a two-dimensional (2D) large molecule with symme-
try D,,. A center-metal atom or ion is connected with
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FIG. 1. The molecular structure of the MPc.
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four ligands (the benzene ring plus the pyrrole ring) by ni-
trogen bridges. In MPc there are 18 =7 electrons sur-
rounding the center metal with large delocalization to
form a 2D m-electron conjugated system.

The energy-level diagram of the MPc is shown in Fig.
2. It has two energy-level systems: singlets (or doublets)
and triplets (or quartets), in which S, is the ground state;
S, and S are the first excited state and an upper excited
state in singlets (or doublets), respectively; S; and S are
the first excited state and an upper excited state in triplets
(or quartets), respectively; and every electronic energy
level involves many vibronic sublevels. Therefore, the in-
cident photons with the same frequency can be simul-
taneously absorbed by molecules not only in the ground-
state but also in both singlet (or doublet) and triplet (or
quartet) excited states.

Figure 3 illustrates the ground-state linear absorption
spectra for the CuPc in chloroform solution [10]. The
AlPc-F (fluoroaluminum phthalocyanine) in pyridine
solution and the GaPc-Cl (chlorogallium phthalocyanine)
in pyridine solution have the same shape as the ground-
state linear absorption spectrum [19]. In fact, all MPc’s
do have two similar ground-state absorption bands: the
Q band in the 600-800 nm (visible) range and the B band
in the 300-400 nm (near UV) range. The Q band is
strongly dependent on the ligand (Pc ring); the different
center metal causes it only a small change. In the region
of 400-600 nm, the ground-state absorption of MPc’s is
very weak.

However, MPc has stronger excited-state linear ab-
sorption in the region of 400-600 nm. Figure 4 shows
the transient different absorption spectra of MgPc (mag-
nesium phthalocyanine) in dimethyl sulfoxide with a
fluorescence lifetime of 7.5 ns and a triplet lifetime of 330
us [20]. Curve 1, corresponding to the absorption of the
first singlet (or doublet) excited state, is a difference spec-
trum between transition S, —Ss and transition S; —.S,.
Curve 2, corresponding to the absorption of the first trip-
let (or quartet) excited state, is a difference spectrum be-
tween transitions S;—S, and S;—S;. Curve 3 is the
ground-state absorption spectrum arising from the transi-
tion §,—S,. MPc’s with different center metals have
similar excited-state absorption spectra. From Fig. 4 we
can see that all the maximums of the excited-state ab-
sorption are located on the wavelength around 500 nm,
which is just the location of the minimum ground-state
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FIG. 2. The energy-level diagram of the MPc molecular.
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FIG. 3. The ground-state linear absorption spectra for CuPc
in chloroform solution.

absorption. Therefore, the RSA in MPc’s can be ob-
served at this wavelength region.

The nonlinear absorption process of MPc can be de-
scribed by a six-energy-level model, as shown in Fig. 1.
Assuming the incident laser has a power density of I(z), a
pulse width of 7, and a nonresonant wavelength of 532
nm, the photons are absorbed by molecules in the ground
state; this causes the transition of molecules from S, to a
vibronic sublevel S, with an absorption cross section o
Molecules in S, decay rapidly to .S, with a lifetime of a
few ps because of the overlap between vibronic sublevels,
and most molecules quickly transit from S, to S; with a
short nonradiative intersystem-crossing lifetime 7,;. The
molecules in S, and S, can be exited to S5 and S¢ with
absorption cross sections o and o r, respectively, by ab-
sorbing photons with the same wavelength of 532 nm.
However, the lifetimes in S5 and S¢ are extremely short
(<1 ps). On the other hand, the molecules in S, partly
return to the ground state by fluorescence emission or by
the nonradiative transition with the lifetime 7,;, and the
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FIG. 4. The linear absorption spectra of MaPc in dimethyl
sulfoxide: 1, the first triplet excited-state difference absorption
spectrum; 2, the first singlet excited-state difference absorption
spectrum; and 3, the ground-state absorption spectrum.
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molecules in S; can also return to the ground state by
phosphorescence emission or by the nonradiative transi-
tion with lifetime 7;,. But for most MPc solutions at
room temperature, the fluorescence and the phosphores-
cence emissions are very weak and can be neglected.

In order to investigate quantitatively the nonresonant
interaction between an incident laser light and a MPc
molecular system with the six-level model, the following
rate equation for describing the time variation of the pop-
ulation density in each energy level can be used:
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Because the lifetimes of energy levels S5, S¢, and S, are
very short, the populations of these three levels can be
neglected, and N and R can be reduced, respectively, to

N=(n1,n2,n3) ) (4)
_od 1 1
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The total nonlinear absorption coefficient a arises from
the absorption of the ground state a; as a function of n,
the absorption of the first excited singlet state ag as a
function of n,, and the absorption of the first triplet state
ar as a function of n;:

a(t)=ay(t)tag(t)+arp(t)
=0'0n1+0'sn2+0'1*n3 ) (6)

where n, n,, and n; are functions of intensity I accord-
ing to Egs. (1), (4), and (5).

Considering that the variation of light intensity along
the direction of light propagation (z) in the sample leads

4N _pN, (1)

where N is a population vector matrix, which component
expression is

N=(n1,n2,n3,n4,n5,n6) N (2)

R is a rate operator with a 6 X 6 matrix,
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to a change in the absorption coefficient, we must estab-
lished a light-propagation equation:
T
%=—(00n1+03n2+arn3)1, (7)
where I is a function of ¢ and z.
The initial boundary conditions are

n(t=—w,z)=N=n,+n,+n;,
ny(t=—o0,z)=n;(t=—00,z)=0, (8)

I(t,z=0)=I,f(t) ,

where N is the total population density, I, is the peak in-
tensity of the incident laser, and f(z) is a temporal func-
tion describing the pulse shape.

According to the difference in the response time to
light, MPc’s can be divided into two groups. Those in
the first group, such as VOPc (vandadyl phthalocanine)
and CuPc, with faster response times have short excited-
state lifetimes 7,3, 73, and 7,;, because their center metals
are paramagnetic metals or heavy-atom metals. Those in
the second group, such as MgPc (magnesium phthalo-
cyanine) and CAPc (chloroaluminum phthalocyanine),
with slower response times have long lifetimes. Table I
lists excited-state lifetimes 7,3, 75, and 73, for the above
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TABLE 1. Excited-state lifetimes of the metallophthalocyan-
ines.

Sample T3 (ns) Ty (ns) 73, (ns)
MgPc 59.0 14.7 500
CAPc 33.4 14.7 500
VOPc <0.16 16.0 <20
CuPc <0.15 14.8 <50

MPc’s in air-equilibrated solutions at room temperature
[1].

There are two kinds of theoretical methods: the
steady-state theory and the dynamic theory. Which one
could be used to deal with the RSA in a certain MPc
molecular system? The answer depends on the compar-
ison between the laser pulse width and excited-state life-
times of the system. If the laser pulse width is much
longer than all of excited-state lifetimes of the system, the
steady-state theory can be used; if the laser pulse width is
at least shorter than one of the excited-state lifetimes of
the system, the dynamic theory should be used.

III. STEADY-STATE THEORY

When we use an incident laser with a pulse width 7,

longer than all the lifetimes of the MPc: 7,3, 73,, and
7_2:(7_;31_*_7_2711)7127_23 ’

the steady-state solution of Egs. (1), (4)—(7) and (8) are

n,= 7 9)
1+—
I
I
n,= I L N , (10
T31 Is 1_+_L
IS
n3= Ii] NI ) (1D
s 1+
I
o og T o7
ae | TN IsTs L T L |
1+i Oo T31 Is Op Is
I
where I is the saturable intensity which is defined as
=1 (13)
73190
If 05~ 07, T)3<<T3;, a can be expressed as
=a, M11++’§{ , (14)

where I'=1/1, and K =0 /05, ag=0N.

The plots of the absorption coefficient a versus the nor-
malized incident peak intensity I,/I; for the different K
are shown in Fig. 5, which shows that when K >1
(o7>0,) and a increases with increasing I, it exhibits
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FIG. 5. Plots of the absorption coefficient of sample a versus

the normalized incident peak intensity I,/I, for different
K=o 7‘/ Oyp.

RSA. However, when K <1 (0 <0,), a decreases with
increasing I, it exhibits SA. In the off-resonant case, the
ground absorption cross-section is very small, so it is easy
to meet the condition of RSA o> 0o,

In an optically thick sample, the light intensity should
be regarded as a function of the coordinate z along the
direction of light propagation in the sample. Integrating
both sides of Eq. (7) by using boundary conditions (8), we
have

1

J

0

1 L
_ : 15
7 |ar=—[dz (15)

Substituting Eq. (14) into Eq. (15), we get an analytical
expression for RSA, i.e., the relation between the
transmission and the incident intensity,

1 1+KTI},
1—— |In |——
K

1+KI,
where T=exp(—aL) is the nonlinear transmission,
To=exp(—agL) is the linear transmission and I, =1,/I;
is the normalized incident peak intensity to the saturable
intensity. If taking T,=0.60, I,=2X10" W /cm? for

T
TO

In , (16)
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FIG. 6. Characteristics of RSA in steady state: The

transmission of the sample T versus the normalized intensity for
K=07/0,=2,4,10, and 14.
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K=2, 4, 10, and 14, we get a set of the T-I; curves as
shown in Fig. 6. One can see that the RSA of MPc with
a larger K is stronger than that of MPc with a smaller K.

IV. DYNAMIC ANALYSIS

Now we begin to study the RSA dynamic process in
MPc by using the dynamic equations in Sec. II. As a
sample, we select a CuPc molecular system with fast
intersystem-crossing time. Because the unpaired Cu d
electron is weakly coupled to singlets and triplets of a
molecule, it makes the singlets become doublets (2S) and
the triplets split into triplet-doublets (27) and quartets
(*T) [21]. Triplet-doublets are combined with doublets
to form a same energy-level system. The lowest triplet-
doublet state can be regarded as S, and the lowest quar-
tet can be regarded as S in our six-level model. The data
for dynamic simulation of RSA in CuPc solution are
mainly taken from Ref. [1], in which the lifetime 75, de-
pends on two effects: the annihilation reaction [22] due to
the concentration of solution and the quenching effect
due to the oxygenation of solution. In addition, the CuPc
solution sample used in our experiment has a thickness of
0.5 cm and a concentration 7.5X 10~*M, which is larger
than the value in Ref. [1], and the solution is air equili-
brated at room temperature, so the 75, is estimated at 10
ns. The value of o is also taken from our experimental
results (see Sec. V). Accordingly, the data for the CuPc
sample at a wavelength of 532 nm are listed in Table II.

The light source we used is a laser with a nonresonant
wavelength A =532 nm and with two pulse widths 7, =15
ns (>7,3) and 7, =80 ps ( <T7,3), respectively. Assume
that the light intensity is a Gaussian function of the time

I(t,z)=I,(z)exp[ —c(t /7 )],

where I, is the peak intensity at z and c is the normalized
constant.

Substituting all of the data into Egs. (1), (4)-(7), and
boundary conditions (8), and calculating numerically via
computer, we have obtained the following dynamic simu-
lated results of RSA.

A. Time-dependent populations during a light pulse

Figure 7 illustrates the curves of populations n,, n,,
and n; versus the time during a single light pulse under
two different input fluences: (1) F;=0.1 J/cm? and (2)
Fy=1 J/cm?, with a pulse width of 15 ns. From Fig. 7
we can see that when the input fluence F is smaller (at
0.1 J/cm?), most molecules are populated in the ground-
state, but when the F increase until 1 J/cm?, most mole-
cules will be populated in the first quartet excited state

TABLE II. The experimental data of CuPc solution.

Absorption cross section (cm?) Relaxation time (ns)

o 2.0X107"% cm? Tso 15
os 3.5%X107"7 cm? Tro 10
or 2.6X107"7 cm? TsT 0.15
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FIG. 7. Populations in Sy, S|, and T, versus the time during
a single light pulse with a width of 15 ns under two input
fluences: (1) F;=0.1J/cm?and (2) Fy=1J/cm?.

(or the triplet state) S;. In this case the RSA can be ob-

served.

B. Contributions of each energy level to nonlinear absorption

In order to study the contributions of each energy level
to nonlinear absorption, we have calculated curves of the
absorbed light intensity of molecules in each level, ayl,
agl, and arl, versus the time during a single laser pulse
under two different input fluences: (1) F;=0.1J/cm? and
(2) Fy=1 J/cm?. Figures 8 and 9 correspond to different
pulse widths: 7, =15 ns and 80 ps, respectively. When
the input fluence is smaller (at 0.1 J/cm?), the contribu-
tion of the ground state is dominant in both cases; it ex-
hibits SA. When the input fluence become larger until 1
J/cm?, the contribution of the excited-state absorption
will be more important; it causes RSA to occur. If
Ty > T3, the contribution of level S; to RSA is dominant,
but if 7, <7,;, the contribution of level S, to RSA is
dominant.

C. Transient transmission versus time during a light pulse

Figure 10 shows the curves of the transient intensity
transmission T(¢)=1(¢t,L)/I(¢,0) versus the time during
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a single laser pulse under F,=0.1 J/cm?, 0.1 J/cm?, and
1 J/cm® The data of the sample are C=7.5X10"*M
and L =0.5 cm. The data of the laser are A=532 nm and
7; =15 ns. Assume that the power density is a Gaussian
function of time. The curves show that the transmission
decreases with an increase in the input intensity and in-
creases with a decrease in the input intensity during the
laser pulse. In addition, the RSA effect becomes stronger
with an increase in the input fluence.

D. Characteristics of reverse saturable absorption

The characteristics of RSA can be also described by
the energy transmission T=F, /F, versus the time,
where Fy=F(0) and F;, =F(L) are input fluence and
output fluence, respectively. A dynamic simulation of
RSA in CuPc solution, the transmission versus input
fluence, as shown in Fig. 11 (see the solid curve). It fits in
experimental results very well, better than the simulation
of the expression (16) for the steady-state (the dash
curve). The steady-state condition is approximately to be
met because of the laser power-width we used (15xs) is
close to the lifetime 73, = 10ns.

NE 8x 107 F =0.1J/cm' T =16ns
g —--input pulse
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I
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FIG. 8. Absorbed light intensities of molecules in Sy, S, and
T, versus the time during a single laser pulse with a width of 15

ns under two input fluences: (1) Fy=0.1 J/cm? and (2) Fy=1
J/cm?,

E. Material-dependent characteristics of optical limiting

The theoretical characteristics of optical limiting in
CuPc is shown in Fig. 12, in which 1 is a dynamic simula-
tion (solid curve) which is in good accordance with exper-
imental results and 2 is a steady-state simulation (dashed
curve) which approximately fits the experimental results.
Figure 13 shows the curves of the output fluence versus
the input fluence for different ratios K =0 /0,=2, 4, 10,
and 14. It is obvious that the material with larger K has
stronger RSA and then has better OL. Generally, MPc
has better OL as compared with C, because for MPc,
K > 10; for Cqy, K ~3 [22,23].

For a material, there are different OL characteristics
for different wavelengths or pulse widths of the laser, be-
cause different wavelengths or pulse widths lead the ratio
K of material to be different.

In order to understand the effect of thickness and con-
centration of the material on the RSA, we have calculat-
ed two groups of curves of optical limiting as shown in
Fig. 14: Curve 1 shows the output fluence versus input
fluence for different thicknesses L =0.1, 0.5, and 1 cm,
with the same concentration C=7.5X10"*M; Curve 2
shows the output fluence versus the input fluence for

[
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FIG. 9. Absorbed light intensities of molecules in Sy, S, and
T, versus the time during a single laser pulse with a width of 80
ps under two input fluences: (1) F;=0.1 J/cm? and (2) F,=1
J/cm?.



49 DYNAMIC AND STEADY-STATE BEHAVIORS OF REVERSE. . .
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FIG. 10. Transient transmissions versus the time during a
single laser pulse with a width of 15 ns under three different in-
put fluences: F,=0.01,0.1,and 1 J/cm?.

different concentrations C=3.8X107M, , 1.5X 10™%M,
and 1.5X107*M, with the same thickness L =0.5 cm.
We can see that the sample with larger L or larger C has
better characteristics of OL—for example, the saturable
threshold of output fluence is only 0.4 J/cm? for the sam-
ple with L=1 cm or C=1.5X1073M. However, the
linear transmission of this sample is too low—only 0.4.
The desirable transmission for an ideal OL device is re-
quired to be =70%:; therefore, it is necessary to make a
tradeoff between the transmission and the concentration
or thickness of the material.

F. Absorptive mirrorless transient optical bistability

With a laser source of 7, =15 ns, A=532 nm, and
Fo=11J/cm?, we obtained by simulation the optical bista-
bility as shown in Fig. 15: Curve 1 is the output intensity
I(t,L) and the input intensity I(¢,0) versus the time and
curve 2 is the corresponding curve of output I(¢,L) as a
function of the input I(z,0). The wave form of the out-
put intensity is in advance of the wave form of the input
intensity, and the hysteresis loop exhibits a transient in-

0.80

.0.60

E~o0.40
0.20
0.00
104 10* 10 100 1 10 10* 10° 10°
Input (J/cm?)
FIG. 11. Theoretical simulations for the RSA in a CuPc

solution: the transmission versus the input fluence. The solid
curve (1) is the dynamic simulation; the dashed curve (2) is the
steady-state simulation. The comparison with experimental
data is also shown.
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FIG. 12. Theoretical simulations for OL in a CuPc solution:
the output fluence versus the input fluence. The solid curve (1)
is the dynamic simulation; the dashed curve (2) is the steady-
state simulation. The comparison with experimental data is also
shown.

creasing optical bistability caused by the absorption and
the relaxation of the excited state, which is a pure elec-
tronic process with ns or ps switching time. The switch-
ing time depends on the input pulse width and the life-
time of the excited state. We should also mention that it
is a mirrorless absorptive OB.

V. COMPARISON: EXPERIMENT AND THEORY

The sample used in our experiment was a CuPc in
chloroform solution with a concentration of 7.5X 10™*M
and was placed in a cell with a practical thickness of 0.5
cm. The linear transmission of the sample T, is 0.63.

In order to get RSA at nonresonance, a Q-switched,
frequency-doubled Nd:YAG laser with a pulsewidth of
15 ns at wavelength A =532 nm was employed as the light
source. The input and output pulse energies and average
powers were measured by photodetectors, and the pulse
shapes were recorded by a Tek 7934 storage oscilloscope.

From the experimental data of the input fluence and
the output fluence, we got a group of experimental dots
as shown in Fig. 11, which have proved the correctness of
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3
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( +.00 12 16.00
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FIG. 13. Characteristics of optical limiting in a CuPc solu-
tion, the output fluence versus the input fluence, for
K=07/00=2,4, 10, and 14.
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FIG. 14. Characteristics of optical limiting in a CuPc solu-
tion: (1) For a concentration of 7.5X107*M and different
thicknesses L =0.1, 0.5 and 1 cm and (2) for a thickness of 0.5
cm and different concentrations C=3.8 X 10™*M, 7.5X 107 *M,
and 1.5X 107*M.

our dynamic theoretical model and the steady-state ex-
pression for RSA in CuPc when we selected K =13 for
the CuPc solution in our experimental condition. We
also found that the RSA in CuPc solution appears in the
region of input influence from 10 mJ/cm? to 10 J/cm>.

The experimental results of OL and OB are also in
good accordance with our dynamic analysis as shown in
Figs. 12 and 15(b), respectively.

VI. CONCLUSION

In this paper we have systematically studied the dy-
namic and the steady-state behaviors of the RSA in MPc
using CuPc as a sample. The influences of both material
and laser parameters on RSA and OL are also analyzed.
The theoretical simulations agree well with the experi-
mental results.

The RSA is due to the excited-state nonlinear absorp-
tion which is one of the excited-state nonlinear optics
phenomena. According to the K-K relation, the excited-
state nonlinear dispersion and the excited-state polariza-
tion should also be taken into account. Therefore, the in-
vestigation of RSA will open a new field of nonlinear
optics— “excited-state nonlinear optics.”
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FIG. 15. Optical bistability in a CuPc solution when the laser
with 7, =15 ns, A=532 nm, and Fy=1 cm?: (1) The output in-
tensity and the input intensity versus the time and (2) the output
intensity as a function of the input intensity, in which 1 is a
theoretical curve of OB and 2 is a corresponding experimental
curve of OB.

The RSA is a pure electronic process; it could be ap-
plied to design a series of new photonic devices, such as
optical switches, optical logics, optical memories, optical
limiters, optical modulators, and so on. These kinds of
photonic devices have advantages of fast response
(nanoseconds to subpicoseconds), low liner absorption,
and mirrorless structure {24]. It might be possible to use
them in optical communication, optical computing, and
sensor protection.

The RSA in MPc has been discussed in detail in this
paper. In comparison with other materials, MPc has
better RSA characteristics because of its large ratio K —
for example, for C¢y, K =3 [17], but for CuPc, K > 10.
The best RSA property in MPc appears in the visible
wavelength range around 500 nm, so the common
frequency-doubled Nd:YAG laser with short pulse can be
used as a light source.

In conclusion, MPc is a promising material for applica-
tion in photonic devices based on RSA. But in order to
optimize the device we need solid MPc materials (crystals
and thin films) with a high damage threshold, large ratio
K, and other good properties. Therefore, it is necessary
to improve the chemical structure of MPc.
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