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Kinks: Longitudinal excitation discontinuities in increasing absorption
optical bistability

H. M. Gibbs, G. R. Olbright, and N. Peyghambarian
Optical Sciences Center, University ofArizona, Tucson, Arizona 85721

H. E. Schmidt, S. W. Koch, and H. Haug
Institut f'ur Theoretische Physik der Universitat Frankfurt,

D-6000 Frankfurt-Main, Federal Republic of Germany

(Received 4 March 1985)

Longitudinal excitation discontinuities (kinks) that arise from partial-sample switching in increasing ab-

sorption bistability are predicted theoretically and observed in a sharp-cut color filter. The kinks give rise to
a sawtooth output temporal dependence for a triangular input shape. Kinks are an emphatic illustration of
the local nature of increasing absorption bistability.

Koch, Schmidt, and Haug' have solved the transport
equations for the light intensity and the excitation density
for a system that exhibits increasing absorption optical
bistability. If the input light intensity is increased linearly at
a rate appropriate for the excitation lifetime, a discontinuity
in the excitation density occurs between the front of the
sample, which has switched "off," and the back, which is
still "on." This kink jumps discontinuously along the beam
propagation direction. Consequently, the transmitted inten-
sity has a sawtooth temporal dependence: The transmission
drops each time the kink jumps deeper into the absorber.
Herein is reported the first observation of such a kink, em-
phasizing the fact that increasing absorption bistability is a
local phenomenon, 4 5 so that partial-sample switching is pos-
sible. Optical bistability employing a cavity or other exter-
nal feedback can have a longitudinal spatial dependence
due to finite absorption (breakdown of mean-field approxi-
mation), but a longitudinal discontinuity, i.e., partial-sample
switching, is impossible. Spatial effects in optical bistability
in cavities have been of considerable interest, but the em-
phasis. has been upon transverse effects. " If the Fresnel
number is large, a transverse discontinuity' in intracavity
light intensity and medium polarization can occur, giving
rise to transverse solitary waves' ' in the self-focusing
case. .

If the input intensity is an increasing ramp, the front part
of the absorbing sample reaches the condition (carrier den-
sity, temperature, or whatever) for switching down before
the back part whose input intensity is reduced by absorption
in the front part. " By adjusting the rise time of the input,
one can adjust the length of the front part that switches
down. This can be done because switchdown does not oc-
cur instantaneously; even when the input intensity II
exceeds the minimum value I~ required for switchdown,
there is a finite time for the positive feedback to actuate the
switching —in the experiment here by heating the medium
and shifting the absorption to lower energy. During this
time II continues to increase, exceeding I~ farther into the
sample. The switchdown of the front part is seen as a sud-
den decrease in the light reaching the back part and in the
light exiting the sample; if the carrier density and tempera-
ture of the back part adiabatically follow the light intensity,
they too will decrease moving away from their critical values
for switchdown. But if the input continues to increase,

eventually the next portion of the sample switches down
giving rise to a sudden decrease in transmission and indicat-
ing that the kink has jumped to the boundary between the
second "off" portion and the remaining "on" portion.

Most observations of increasing absorption have been
made with samples so short that longitudinal heat conduc-
tion and/or carrier diffusion prevented the observation of
kinks. To avoid that problem a sharp-cut color filter con-
sisting of semiconductor crystallites embedded in glass is
used here. The low concentration of crystallites maintains a
relatively sharp band edge while eliminating carrier diffusion
and reducing the absorption per unit pathlength by three or
four orders of magnitude relative to that for a pure crystal.
Millimeter lengths of color-filter material are then required
for 10'/0 —50'/0 absorption. Such lengths are much more con-
venient for filter construction and result in much longer
conduction times across the samples making kinks possible.

The observation of kinks is made using a Corning CS3-
70/No. 3384 sharp-cut color filter, ground into a wedge and
polished. The wedge eliminated cavity effects; translation of
the wedge varied the thickness from 50 p, m to 3 mm. The
514.5-nm input beam was varied from 0 to 1 W in 20 ms to
4 s and focused to a diameter of 10 to 40 p, m. Entire-
sample increasing absorption optical bistability was observed
with a rise time of 250 ms and a thickness of 200 p, m. The
bistability involves a thermal shift of the band edge. Figure
1(a) shows the room-temperature band edge W(A. ) of a
0.2-mm-thick filter, and the temperature dependence of the
514.5-nm transmission W(T To) is shown in Fig—. 1(b).
The straight lines 3 and B indicate the values of input in-
tensity for switchdown I~ and switchup It according to the
usual steady-state graphical description of increasing ab-
sorption bistability.

Kinks are observed in an -—2-mm-thick filter, as shown
in Fig. 2. A single sudden drop in IT may result from either
entire-sample or partial-sample switchdown. But two or
more sudden drops assure that a kink has jumped deeper
into the sample. The sequence (a) to (c) in Fig. 2 shows
fewer kinks the faster the input rise time. Pronounced
changes (most noticeably blooming) in the far-field profile
occur, but they are suppressed here by collecting all of the
transmitted light.

The color-filter kinks are modeled using the transport
equations of the intensity I, the temperature T, and the
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where C is the product of the specific heat C and the densi-
ty p, ~,h the lifetime of the electrons and holes, q the per-
centage of nonradiative electron-hole recombinations,

T = T —Tp, Tp room temperature, v the transverse ther-
mal conduction time, and D the longitudinal thermal con-
duction coeffic&ent. The carriers are confined to microcrys-
tallites and cannot diffuse. Kinks are most pronounced in
the limit of vanishing longitudinal conduction (D = 0).

Equations (1)—(3) have been solved numerically using
the following model for o((0(,N,(„hT). The complex dielec-
tric function of the band edge of the CdZn„S~ crystallites
in the color filters can be written as

FIG. 1. Transmission 2 of a Corning CS3-70/No. 3384 sharp-cut
filter with thickness L =0.2 mm as a function of wavelength ) at
T-23'C and as a function of temperature (T Tt(with T—0=22'C)
for A, = 514.5 nm. The circles are theoretical values of
W(T Tc) =e—xp[ —n(514.5 nm, N(, =0, T= T&)L] from, Eq. (5)
using L =0.25. p, m. The dashed lines A and Bcorrespond to the ex-
perirnental critical intensities for I

&
and I~, respectively.
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FIG. 2. (a)-(c) Experimental kinks in a Corning CS3-70/No.
3384 sharp-cut color filter of thickness L = 2 mm and rp= 14 p, m
for the same peak input intensity. The rise time of the triangular
input pulse is decreased from (a) to (c). (a')-(c') Numerically cal-
culated normalized I&(t) and I&(t) for three different values of
ht/7' (a') 350, (b') 17S, and (c') 70. The thickness of CdZn„St
is taken as 2.5 p, m suggested by Fig. 1, and the roughly 10 times
thicker experimental thickness here.

where

f((e, ) = {I+exp[(e; —p, ;)/kT]]

Eg'= E~ —5(N, p, ) —Er

(5 (Ne(() = E(([4.78(a()Neh) + 2(a((N(, (() ' ]

Er = (6 T) (0.38 meV/'C)

The chemical potentials p, ; are calculated from
N,&=2Xf;(e;). In the numerical solutions of Eqs. (1)—(3)
longitudinal conduction is neglected (D = 0), and transverse
conduction enters only through r. Then intensity 1(z,t)
adiabatically follows the input intensity It ( t), so
BI(z, t)/Bt is set to zero. Other parameters are To =22 C,
Ea(Tr() =2.51 eV, q =0.95, m = m, ma/(m, + ma), m,
= 0.205mp, mh = 1.1mp, e = 8, y = 10 meV, ~eh = 0.1 ns,
~ =10 ms, ' ho(=2. 46165 eV (514.5 nm), and ac=26 A is
the exciton Bohr radius. C increases gradually from 1.6
J/(cm3'C) at ET=0 to 2.55 at AT=500 C.'7 The circles
in Fig. 1 show the transmission W = exp [ —a (0(, N,(„
(S, T)L,ft], where n is calculated from Eqs. (4) and (5). The
effective optical absorption length L,ff=0.25 p, m of the
CdZn„S~ „microcrystallites in the glass matrix has been ob-
tained by equating o((0(,N,(„6T)L,tt= n,„~Lfor a filter with
length L=0.2 mm at T= Tp.

The temporal variation of the transmitted intensity calcu-
lated from Eqs. (1)—(3) is shown in Figs. 2(a') —2(c') for
three different rise times At of the exciting laser pulse.
Both the calculated transmission W [circles in Fig. 1(b)] and
the calculated sawtooth structures of the transmitted intensi-
ty (Fig. 2) are in good qualitative agreement with the corre-
sponding experimental findings. The analysis shows, for the
present experimental conditions in which no kinks are ob-
served for pulses shorter than 1 ms, that the contribution of
the electron-hole pairs to the band-gap renormalization is
small compared with the thermal shift.

The experimentally and theoretically found dependence of
the time variations of the transmitted intensity on the. pulse
rise time 4t and on the sample length L can be understood
in terms of the following qualitative considerations: The
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velocity with which the critical temperature T~ for switch-
down moves through the filter is roughly I/(nest). In the
time r a region of length hL =r/(ct/J. t) switches to the
highly absorbing state. Thus, the number of transmission
discontinuities increases and their amplitude decreases if the
rise time At is increased (Fig. 2). The transverse conduc-
tion time v can be lengthened by defocusing the beam
maintaining a constant peak power. It has been checked ex-
perimentally that such a procedure indeed yields a reduction
of the number of transmission discontinuities. The condi-
tion for observation of at least one sawtooth structure is
clearly that the kink-jump length AL is smaller than the
crystal length. This condition has also been checked by
doubling the thickness of the filter used for the entire sam-
ple bistability: Two sudden decreases in the transmitted in-
tensity were observed indicating partial-sample bistability
and jumping of a kink.

Thermal conduction is believed to be responsible for the
downward slope in the output signals in Fig. 2(a)-2(c); gra-
dual heating of the entire filter reduces the transmission. In
the Calculations, switchdown always occurs at the same out-
put intensity, because longitudinal conduction is not includ-
ed. For v (& At and low absorption this means that the
temperature of the next section adiabatically follows the

output intensity.
In summary, increasing absorption optical bistability has

been seen in a Corning CS3-70/No. 3385 sharp-cut color
filter. A longitudinal discontinuity (kink) is observed to
make sudden jumps deeper into the absorbing sample as the
input is increased linearly in a time longer than the
transverse conduction time. Observed features of the kinks
are in qualitative agreement with numerical calculations
based upon a microscopic expression for the band-edge ab-
sorption. Kinks are a manifestation of the local character of
increasing absorption bistability in that not all of the sample
switches down at the same time; therefore, they do not exist
for bistability relying upon a cavity or external feedback.
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