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ABSTRACT

Two-photon

optical

interference filters

bistability

with ZnS

switching times ~ 200 jJS.

and

ZnSe

in

commercial

spacers is

thin-film

observed

with

The accompanying drifting of the bistability

loop in time and laser-induced "damage" indicate a thermal mechanism.
The problem of water vapor absorption in such filters must be addressed
before the inherent potential and advantages of these devices in twodimensional image processing applications can be realized.

Transverse

effects in GaAs superlattice etalons are observed which cannot be
explained

on

the

basis

of a

plane-wave analysis.

The optical

nonlinearity in GaAs and diffraction combine to produce drastic effects
on the measured beam profiles and bistable loops, due to an intensitydependent virtual focus.

Lastly,

the first

observation of optical

bistability due to a biexcitonic nonlinearity in CuCl etalons is reported
with detector-limited switching times of 600 ps.

In addition, lasing

action along the pump axis in a cavity defined by the end mirrors is
observed in a very thin (2.0 jJm) CuCl etalon.

The lasing transition is

unique in that it involves the creation of a virtual excitation of
biexcitons which decay to the longitudinal exciton state.

xi

CHAPTER 1
INTRODUCTION
In less than a decade optical bistability has become a rapidly
expanding field of concerted research effort.

For theorists it provides

a framework within which to study the interesting physics of the
nonlinear interaction of light with matter.

And, since the first

demonstration of optical bistability in sodium vapor (Gibbs, McCall, and
Venkatesan, 1976), experimentalists have made great progress toward
developing practical semiconductor devices for eventual use in optical
signal processing and ultra-high-speed switching applications.
The basic principles of optical bistability have been discussed
in many places (see, for example, Gibbs, McCall, and Venkatesan, 1979;
Gibbs, McCall, and Venkatesan, 1980; Arecchi and Salieri, 1982; Abraham
and Smith, 1982; Miller, 1982), and only a cursory explanation will be
given here.
requirements:

Briefly, an intrinsic bistable device has two basic
a nonlinear medium (i.e., one in which the optical

properties are dependent on the incident light intensity) and an optical
feedback mechanism.

Probably the simplest such device is the nonlinear

Fabry-Perot etalon, in which the nonlinear material is "sandwiched"
between high-reflectivity mirrors.

At high enough incident light

intensities, some optical property of

the medium (generally

the

refractive index) is modified to the extent that it can shift an initially
1

2

detuned Fabry-Perot peak into coincidence with the wavelength of an
incident laser beam.

Thus the device can switch abruptly from a low-

transmission state to a high one.

As the incident intensity is cycled

back down, the internal feedback provided by the Fabry-Perot mirrors
causes the device to switch back to the low transmission state at a much
lower incident intensity, producing hysteresis in the output.
device exhibits "bistability," i.e., over some range of

Thus the

the input

intensity, depending on its history, the device will have one of two
possible output (high or low transmission) states.
The great advantage of optical switches over electronic switches
lies in two main areas:

(1) their potential for ultrafast switching

(picosecond or even subpicosecond); and (2) using arrays of devices to do
fast,

two-dimensional optical processing.

In the latter area in

particular, massively parallel digital computations

(~10'

simultaneous

operations) with optical gates are envisioned, a regime that electronics
cannot hope to approach (Shaefer and Strong, 1977; Athale and Lee, 1979;
Lohman, 1983; Huang, 1983).

The "ideal" practical bistable device, in

addition to being fast, should be as small as possible (micrometer or
submicrometer), require very little switching energy (femtojoules) and
holding power (milliwatts), and operate at a convenient temperature
(300 K) and wavelength (near infrared, optimum for signal processing and
optical fiber transmission).

Although bistability has been observed in a

host of different materials and device configurations, no one device as
yet exhibits all of the above-mentioned characteristics.

3
In this work we have investigated several different kinds of

semiconductor etalons

and

assessed

them

with regard

to

their

performance as candidates for practical optical bistable devices.
Cuprous chloride (CuCl), due to its predicted picosecond switching times,
is

particularly

promising,

although

it

has

other

disadvantages

(inconvenient temperature and wavelength, and extreme hygroscopicity of
the material).

We have probed the physics of the biexciton nonlinearity

in CuCl by observing its fluorescence spectra, and we have also been the
first to observe lasing (Weinberger et al., 1984) and optical bistability
(Peyghambarian et al., 1983b; Peyghambarian et al., 1984a) in a thin Cuel
etalon.

Zinc sulfide (ZnS) and zinc selenide (ZnSe) in thin-film form are

also promising materials, particularly with regard to two-dimensional
optical processing applications.

Although their nonlinearity is slow and

apparently

et

thermal

(Weinberger

al.,

1982),

other

attractive

characteristics (room-temperature operation, ease of production for use
at a variety of wavelengths, and high uniformity over a large area)
warrant their further investigation.

Lastly, we have demonstrated room-

temperature bistable operation of gallium arsenide multiple-quantum-well
(GaAs NQW) structures (Gibbs et aL,

1982) and have investigated

diffraction effects on the optical bistability in such etalons (Tai et
al., 1984).

CHAPTER 2
THEORY OF OPTICAL BISTABILITY IN ZnS
AND ZnSe THIN FILMS
In this chapter we review some of the previous work done on
optical bistability in

t~n-film

interference filters

motivation for the current studies.

and

provide

We discuss the optical properties of

ZnS and ZnSe and the structural properties of thin films in some detail,
as this will aid in interpreting the experimental observations.

Lastly,

we discuss the nature of the bistability and whether it is attributable
to two-photon photorefraction or thermal effects.
Review of Previous Work
It is known that

some materials

typically used in the

fabrication of multilayer-dielectric interference filters such as ZnS,
ZnSe, Na,AlF"

MgF 2 , and Si0 2 exhibit nonlinear optical properties at high

radiation density (",1 to 10 MW/cm 2).

However, Karpushko et al. (1977)

were the first to recognize that such high intensities were achievable
within the passband of a thin-film interference filter (TIF) with
relatively moderate incident intensities (few tens of kilowat ts per
square centimeter) due to the multiple-beam nature of the device.

They

observed changes in the transmission characteristics of such filters due
to the light-induced change in the refractive index of the intermediate
spacer layer and predicted that such a device could function as an
4

5
opti~al

logic element.

Karpushko and Sinitsyn (1978, 1982) then reported

the first observation of passive optical bistability in a semiconductor
by using a TIF with eight-layer dielectric mirrors and a spacer layer of
ZnS 0.22 )Jm thick.

They also determined that filters with ZnS or ZnSe

spacer layers had the largest refractive index changes (LIn

'1.0

10- 3 to

1O-~).

The Russian work was exciting for a number of reasons, foremost
being the ease of production of TIF's (a well-developed technology) and
their simple, room-temperature operation.

It is also desirable to have a

bistable device with as short a length L as possible for two reasons:
(a) small L means a small round-trip time so that limitations due to the
cavity lifetime

(~c

= 2noL/cT, T = mirror intensity transmissivity) are

unimportant; (b) a short length permits tighter focusing before beam
walkoff losses become significant, thus reducing input powers and
switching energies.

A TIF can have as short a length as conceivable for

an optical resonator, namely a half wavelength in the material; for the
Russian S17-nm filter the spacer layer was A/no = 0.22 )Jm.

Lastly, the

relatively moderate powers ('" 80 mW at 514.5 nm) and intensities
('" 4 kW/cm 2 for a spot size of 50 )Jm diameter) involved were also
encouraging.
However, the Russian work did not unambiguously answer the
crucial questions of switching speed and the nature of the nonlinear
mechanism.

From Karpushko and Sinitsyn (1978) one can infer a slow

switching speed on the order of 200 )JS, although they state that
depending on the "production conditions" of the TIF, the response time

6

can vary between several nanoseconds and hundreds of microseconds.
More recently they claim to have observed switch-on and -off times of
8

~s

and 17

~s,

respectively, with intensities as low as 100 to 300 W/cm 2

(Karpushko and Sinitsyn, 1983).

As

for the nonlinear mechanism, the

Russians attribute it to two-photon photorefraction, but also state that
"it is to a great extent due to specific properties of thin films and the
structural effects in them," as they observe the nonlinearity to be much
smaller or nonexistent in the bulk crystals.

However, a thermal

mechanism could also account for the observations, as will be discussed
presently.

To try to resolve the important questions of speed and

nonlinear mechanism, a study of a number of interference filters
obtained commercially was undertaken; the results are presented in the
next chapter.
Optical Properties of ZnS and ZnSe
ZnS and ZnSe are both direct-gap semiconductors with energy gaps
Eg of 3.7 eV (335 nm) and 2.58 eV (480 nm), respectively; see Fig. 2.1.
They are frequently used as the high-index materials in multilayer thinfilm stacks, and hence many of their optical properties are well
characterized.

For photon energies h"

< Eg

they have an exponential

absorption edge, attributed to band tailing and the Franz-Keldysh effect
(Franz, 1958; Keldysh, 1958; Pankove, 1971).

In the presence of an

applied homogeneous electric field, g, the fundamental absorption is
modified so that absorption decreases exponentially for h" < Eg:
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Fig. 2.1.

Transmission Profiles for ZnS and ZnSe.
(a) A 20-~m-thick chemical vapor deposition (CVD) ZnSe film;
(b) a 7-pm-thick CVD ZnS film (dashed curve) and 6-pm-thick
polycrystalline Cleartran ZnS (solid curve). The onset of
intrinsic absorption occurs for A < Agj Ag(8 m) = 1.24/Eg (eV).
[From 1982 Laser Focus Buyers' Guide, p. 51 .J
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a

tV

E0 3/2

ex+ "3 [Eg;. hv]"l
4

Eg - hv

(1)

where
Eo
Here

~

=

[t
~

(2)

(eC)2/3.

is the reduced electron-hole effective mass, given by

1
~

=

1

me*

1
+

(3)

mh*

Impurities are inevitably present in the semiconductor lattice, and at
high enough impurity concentrations the band edge is perturbed so that
tails of states are formed, extending the bands into the energy gap.
This Coulomb interaction of the carriers with charged impurities can
produce local internal electric fields (up to 10 5 V/cm), which, by means
of the Franz-Keldysh effect, accounts for the observed exponential
absorption edge.
Another effect of such an applied electric field is to shift the
absorption edge to 10,wer energy:

AE(hv)

=

(4)

where A is the.logarithmic slope of the absorption coefficient in the
absence of an electric field [a = a o eA(hv-E g )].

This effect has been

extensively used in electroabsorption studies of ZnS, in which electrical
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contacts are applied to thin single crystal ZnS platelets and the
optical absorption at the band edge is monitored under the influence of
an applied field.

Fields of up to 10" V/cm can shift the ZnS

transmission by 2 to 20 A.

Ultraviolet microscopic pictures under such

conditions reveal the presence of layer-like domains in ZnS, i.e., regions
of low fields in which the crystal transmits light, and regions of high
fields

where the crystal is opaque.

Stationary domains develop

(typically near the electrodes), as well as moving domains whose
velocity increases with increasing light intensity (Schanda and Gal, 1969;
Schanda et al., 1970; Szigeti, Gal, and Schanda, 1970).

Different types

of moving domains are observed, dependent on doping, for example;
however, all have oscillation periods from 0.1 to 1 second (= 1 mm
between electrodes).

Of particular interest are the high-field domains

apparently bound to structural defects in the crystal.

They originate

from moving domains that are "captured" in faulty regions and form
stationary domains.

Such electroabsorption studies by utilization of the

Franz-Keldysh effect have been a powerful method for determining
semiconductor data such as band parameters and effective mass (see Eq.
(4)) (Gal and Schanda, 1969; Schanda, Gergely, and Gal, 1969).
Another peculiarity of the ZnS absorption is the presence of fine
structure in the spectral region from 300 to 340 nm.

Although these

bands were initially thought to be due to electronic transitions
involving exciton levels in ZnS, Morozova and Shalimova (1966) concluded
that they were a result of impurities, namely the presence in the
crystal lattice of zinc in excess of stoichiometric amounts.

They also
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demonstrated that annealing the ZnS in sulfur vapor at temperatures
around 900°C caused a change in the anomalous bands with time, from
those representative of hexagonal phase ZnS to those associated with
cubic phase.

Further heating caused the bands to disappear entirely.

Corresponding to this crystal phase transformation from hexagonal to
cubic under annealing was a loss of excess Zn from the lattice,
accompanied by a decrease in the number of defects and a decrease in
absorption from 10 5 to

10~

to as little as 10' cm- l •

Although the laser

intensity-induced temperature change in ZnS films can be quite large,
annealing of the above sort can probably not account for the thermally
induced

changes

seen in ZnS

thin-film interference filters

(see

Chapter 3).
In ZnSe, it has also been demonstrated that volume defects such
as vacancies, impurities, and aggregations can significantly influence the
absorption.

Belevtseva, Nosov, and Solntsev (1981) observed that the

absorption coefficient at

10.6~m,

2 to 6

x

10-' cm- 1 for the best ZnSe

crystals, increased approximately linearly with areal density of defects
by about a factor of two.

Local jumps in the refractive index at

boundary layers also occurred, up to values of 1 x 10-·.

At high enough

laser intensities they observed irreversible changes occurring in the
most defective zones of the crystals.

The changes were attributed to

thermochemical oxidation of the surface of the material in the region of
the defects, and they were sometimes accompanied by fracture of the
crystals due to thermally induced stresses.
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Pulsed laser-induced damage of both ZnS and ZnSe at 1.06
been investigated (Bettis, Guenther, and House, 1979).

~m

has

In general, higher

index materials are more susceptible to pulsed laser-induced damage,
with the threshold optical field scaling as Nl/2/(n 2 - 1), where n is the
refractive index and N the number density of electrons.

Bettis et a1.

(1979) measured a threshold field of 0.207 MV/cm for a half-wave film of
ZnSe (n

= 2.40).

For crystalline ZnS (n

=

2.288) and ZnSe (n = 2.485),

they obtained threshold fields of 0.273 and 0.142 MV/cm, respectively.
The experiments described in Chapter 3 used cw lasers tuned well above
the band edge (assuming two-photon absorption).

A maximum intra-filter

intensity of 10 MW/cm2, as discussed earlier, corresponds to a field of

0.06 MV/cm, beginning to approach the threshold fields given above.

At

defect sites where the absorption is additionally increased, the
threshold field may be reduced so that actual laser-induced damage of
the materials may occur at intensity levels used in the experiments.
The two-photon absorption coefficients of both ZnS and ZnSe are
quite large, although not as high as some semiconductors (e.g., GaAs).
The two-photon absorption (TPA) process results in an additional term in
the usual Beer's law:

dI
dz

-aI - fJI2 ,

where a is the linear absorption coefficient and
coefficient.

This equation has the solution

(5)

a

is the TPA
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I(z)

(6)

where the transmission of the interfaces (T
account.

==

4n/(n + 1)2) is taken into

If the linear absorption is small (aZ

«

1) then TPA dominates

and the maximum transmitted light is

1

(7)

az
This gives a convenient method for measuring

a.

Here

a

should include

contributions due to subsequent single-quantum free-carrier absorption,

ac '

and contributions due to one-photon absorption by generation of the

second harmonic, a2w'
(so that Ow

< Eg <

Using the above method for excitation at 1.70 eV
Zliw), Arsen'ev et ale (1969) have measured the

absorption coefficients for ZnSe.
~

They estimate

ac

~

10-! cm/MW and a2w

10- 6 cm/MW, negligible contributions to the measured

also, a = 0.32 cm- i at 700 nm.
give

a

a

= 0.04 cm/MW;

Band-structure calculations for ZnSe

= 0.081 cm/MW, which may be a more reliable estimate than that

obtained from pulsed laser experiments (Vaidyanathan, Guenther, and
Mitra, 1981).

Bae, Song, and Kim (1982) have measured the TPA

coefficient in ZnS from 450 to 700 nm, and observe that it increases
with Ow by an order of magnitude over this range.
energy of 4 eV

(~ =

620 nm), they find

note that for intra-filter intensities
0.04 cm/MW, we have

ar

a=2
~1

At a two-photon

to 4 x 10- 3 cm/MW.

Finally,

to 10 MW/cm 2 and assuming

a

=

= 0.04 to 0.4 cm- i , so that two-photon absorption
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for above-bandgap excitation should indeed be significant for both ZnS
and ZnSe.
Characteristics of Photorefractive Media
Photorefraction, literally an optically induced change in the
index of refraction of a material, plays an important role in
ferroelectrics such as LiNbO, and BaTiO"

which are attractive candidates

for use as holographic storage media with which to do real-time optical
data processing.

The details of the photorefractive process are not

thoroughly understood for every material, but the band transport model
explains many of the salient features (see, for example, Alphonse et al.,
1975).

The model assumes that electrons (holes) are excited from
impurity traps by the incident radiation into the conduction (valence)
band, where they will migrate an average distance R. by either drift or
diffusion before recombining into an empty trap.

(In undoped crystals

the traps are provided by impurities; in doped crystals the dopants act
as donor/acceptor traps.)

The trapped charges result in an ionic space

charge grating, creating an internal static electric field, which is in
general out of phase with the incident field.

This space charge field

Esc modulates the refractive index by means of the electro-optic effect,
namely,

=

(8)
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where nb is the background refractive index and reo is the electro-optic
coefficient of

the material (see Fig.

2.2).

In

characterizing

photorefractive materials, it is important to determine R. == average
migration distance, NA

=

number of "movable" charges

per cubic

centimeter, and apr = contribution of the photo-excited carriers to the
optical attenuation.
The observed optical bistability in ZnS and ZnSe thin-film
interference filters, although most likely a thermal mechanism, could be
explained by a two-photon photorefractive mechanism.

Bistability has

been observed in a number of different TIF's at different wavelengths,
so that clearly the mechanism is a nonresonant one.

If it is indeed

photorefractive, the details are not well understood, although the
nonlinearity is likely due to structural effects in the thin films (see
next section).

However, the work of Uchinokura et ale (1981) is

interesting in this context:

they observed optical bistability (with only

2 mW He-Ne power) in the ferroelectric semiconductor SbSI, and were able
to unequivocally rule out a thermal mechanism.
was dependent on two processes:

Rather, the bistability

photorefraction and the decrease of the

absorption coefficient with increasing power (due to the photo-induced
carriers).
Structural Effects in Thin Films
During vapor deposition of thin films,

the atoms do not

accumulate uniformly on the substrate surface, but rather grow in
columnar-type structures, with voids between the columns.
density, p, defined as

The packing
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Charge Transport Model of Photo refraction.
(a) In iron-doped LiNbO" charge trapping occurs via exchanges
Fe 2+ "* Fe 3+. (b) The incident field creates photocarriers
that diffuse a length 1 before recombining and setting up a
space charge grating (not shown) out of phase with Einc. The
space charge field Esc, 90° out of phase with the space
charge grating, modulates the refractive index by means of
the electro-optic effect.
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p

film volume (columns)
geometrical film volume (columns + voids)

(9)

is of crucial importance in determining the film's optical properties:
clearly for small p both the density and refractive index of the film
will be reduced.

The value of p can vary significantly with both film

thickness and substrate temperature, and can thus lead to difficulty in
obtaining thin films with precisely the optical properties desired (see,
for example, Macleod, 1980).
It is most likely the structural inhomogeneities of TIF's, i.e.,
the large number of layer boundaries and dislocations at the column
interfaces, that are responsible for the photorefractive nonlinearity.
Karpushko and Sinitsyn (1982, 1983) believe that photo-induced electrons
bound in traps on the surface of the crystallines composing the film
produce the photorefraction.

The concentration and properties of the

traps (lifetime, excitation energy, etc.) are unknown, although they
claim these properties are "determined largely by the production of thin
films."
An important consequence of the existence of voids in films is

their affinity for water vapor adsorption, with the result that the
refractive index of a film is not a stable quantity.

Over time a freshly

evaporated film exposed to atmospheric humidity will continually adsorb
water vapor until, by means of capillary condensation, the voids are
completely filled with liquid water.
the

wavelength of

peak

As this process occurs in a TIF,

transmission gradually

wavelengths as the refractive index increases.

drif ts

to

longer

Once the voids are
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filled, especially in a multilayer, a significant drop in the relative
humidity is required to reverse the long-wavelength drift.

However,

baking the filter can drive out moisture and shift the TIF peak back to
shorter wavelengths.

Such a phenomenon probably accounts f01: the

"damage" observed in one of our filters (see Chapter 3).

For a further

discussion of the nature of the water vapor adsorption in thin films, see
Lee, Macleod, and Potoff (1982).
Thermal Optical Bistability
Thermal optical

bistability can be defined as

dispersive

bistability in which the intensity dependence of the optical path length
arises from a temperature change

~T

(heating) of the intracavity medium.

This optical path length can encompass both a change in the refractive
index and a change in the physical length of the cavity, namely,

6(nL)

n(6L) + L(6n).

(10)

This has been observed, for example, in optical bistability by means of
off-resonance absorption of 10 % in an etalon made of a Corning glass
filter (McCall and Gibbs, 1978).
In

the usual dispersive optical

bistability

the index of

refraction depends on the instantaneous value of the intensity according
to

(ll)
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(Here the magnitude of n 2 characterizes the degree of nonlinearity of the
material.)

However, for a thermally induced change a(nL) depends solely

on aT, which will be determined by how fast the material can conduct
away the heat created by the light absorption.

If we assume that the

energy stored in a volume V is given by

(12)

E

where

p

is the mass density and Cp the specific heat, and the time

required to absorb this energy (the switch-on time) is

"[

E

(13)

aP ,

where a is the percent absorption per pass and P is the incident power,
then

"[

pCpV
aP

(14)

aT.

Note that "[ is proportional to V, so that if the excitation volume is
small enough, the switching speed may be relatively fast.

Also,

increasing the incident power can decrease "[, although this is not
particularly desirable from a device point of view (and one may begin to
approach damage thresholds in ZnS and ZnSe).
not necessarily slow.

Hence a thermal process is
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In the next chapter we shall show that the experimental
observations of optical bistability in TIF's are thoroughly consistent
with a thermal mechanism, based on the considerations above.

CHAPTER 3

EXPERIMENTAL RESULTS: OBSERVATION OF OPTICAL BISTABILITY
IN THIN-FILM INTERFERENCE FILTERS

In this chapter we discuss the experimental obserVations of
optical bistability in eight different commercially obtained thin-film
interference filters with ZnS and ZnSe spacers.

The unexpected drifting

of the bistability loops in time, as well as the measured An's and
switching speeds, are all consistent with a thermal mechanism.

Also,

the intensity-induced "damage" observed in several filters may provide
hope for laser "annealing" of TIF properties.

Characterization of Interference Filters
A thin-film interference filter consists of a spacer layer of
width equal to an integral number of half-wavelengths sandwiched
between "high-low" multilayer dielectric stacks that act as highreflectivity mirrors (see Fig. 3.1).

Each layer in the stack has a

quarterwave width, and the reflectance of such a stack is given by

R

where the stack has 2N layers.
higher reflectance.

(15)

Hence, a larger number of layers gives a

The composite structure thus acts as a thin Fabry20

21

1--------1.47f!.m - - - - - - - - 1
f.--O.625j.Lm--1 0.22fLm j-0.625J-LmH L H. L H L H L I

H::::

ii~i!!
::::::
Hii~i

mm

mm llm~
iHHi

1I1!1

iiiii

......

~Ao/nH

liiill
~ ~

1111111111111111111111

!m!~
iii:::
!~H!i

HH~
iii!i
:::::

mm

HH~i

jj!!l

iHH

H L H L H L H

mm

:::::

:::::

IL

4H

1111111111111111111111

Ao-J
I~ nH

......

iiiiii
illiil

:::::

!lH!

iiiii
iHH
HHi

:::::

......

~4Ao/nL~ I~
.J

J~\.

\

HIGH R

SPACER

nH =2.40 (ZnS)
nL = 1.30 (cryolite)
2N = 8 layers
==;>

11m
:::::

HIGH R

AO = 0.517f-Lm
Ao/nH = 0.22 fLm
R =0.97, :1:::::: 100

6A = 2.5 nm [FWHM]

Fig. 3.1.

Structure of a Typical Multilayer Thin-Film Interference
Filter.
Note that this filter has eight-layer mirrors and a spacer
layer = 4H so that it is designed for use in second order
(m = 2) at 517 nm.
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Perot etalon with transmission peaks given by

2nd cose,

where d is the width of the spacer layer.

For normal incidence (e

(16)

= 0°)

Ao is the transmission peak corresponding to fitting a halfwave in the
spacer (m

=

1).

The higher order transmission peaks occur at 1/2 Ao (m

2), 1/3 Ao (m = 3), 1/4 Ao (m ::: 4), etc., i.e., fitting a successively
larger integral number of halfwaves in the spacer layer.
The spectral width of the filter is determined by the intensity
reflectivity R of the bounding surfaces:

(17)

Here the finesse &ris solely a function of R:

(18)

and O/lT)(d/dAo)(Ij>Ao) is a quantity that lies between -1.0 and -1.5 for
ZnS and cryolite (Na 3 AlF s ) filters in the visible (Born and Wolf, 1975).
Thus

23
(19)

and as one increases Jr(higher R) there is a tradeoff between smaller
passband and higher peak transmission.
We have used eight different interference filters in the
following experiments.

The first in which we saw bistability was a very

narrow bandpass filter (transmission peak at S14.2 nm) of unknown origin,
but it almost certainly has a ZnS spacer layer.

The second, obtained

from Dell Optics (North Bergen, NJ), has a ZnSe spacer.

The remaining

filters were obtained from Omega Optical, Inc. (Brattleboro, VT) and were
split evenly between ZnS and ZnSe spacers.

The optical properties of

the filters are summarized in Table 1, p. 36.
We also attempted to see bistability in many filters that we had
readily on hand, but failed in all except the SI4.2-nm filter.
Presumably the rest of these filters had pass bands that were too large
and hence too low a finesse.
Experimental Setup
The experimental setup is shown in Fig. 3.2.

An argon-ion laser

operating single-line at 514.5 nm is used to pump a tunable ring dye
laser whose power output is about 200 mW at 600 nm (Rh6G dye).

The cw

beam is transformed into a train of triangular pulses using a Zenith
model M-40 acousto-optic modulator with a diffraction efficiency of 40%
in first order, controlled by a Tektronix PG508 pulse generator.

The

pulse repetition rate is typically 20 to 50 Hz with pulse durations of 1
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AR

IF

Fig. 3.2.

MO

Experimental Arrangement for Observation of Bistability in
TIF's.
AR, argon-ion laser; DL, ring dye laser; AO, acousto-optic
modulator; PG, pulse generator; S, stop; DI, input detector,
D2, output detector; MO, microscope objective; IF,
interference filter; X, horizontal oscilloscope input; Y,
vertical oscilloscope input.
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to 10 ms and a duty cycle of =20 % in order to give the sample time to
cool between pulses.

The zero-order undiffracted beam through the

modulator is blocked and the first-order diffracted beam is beam split
and monitored with the input detector.
are RCA 7102 photomultiplier tubes.

Both input and output detectors

The input detector signal drives the

horizontal input of a Tektronix 7104 oscilloscope.

A microscope

objective is mounted on an xyz translation stage in order to give
optimum focusing into the sample; 6.3X and lOX objectives give the best
results.

The filter is held on a mirror mount so that it can be tilted

and brought into coincidence with the incident laser wavelength.

The

transmitted light is collected and focused on the output detector whose
signal drives the vertical input of the oscilloscope.

The time profiles

of both the input and the output signals and the accompanying hysteresis
(output vs input) can be monitored simultaneously on the oscilloscope.
In the case of the 514.2 nm ZnS filter, up to 1 W of the argon
output at 514.5 nm could be directly modulated and focused onto the
sample.
Drifting of the Bistability Loop
We first achieved bistability fairly readily in a 514.2-nm ZnS
narrow bandpass filter (No. 1 in Table 1) apparently very similar to that
described in Karpushko and Sinitsyn (1978).

For pulse repetition rates

100 Hz (shorter than millisecond pulses) we could no longer see clear
switching, although hysteresis was observed at repetition rates up to
300 Hz

(~

0.5-ms pulses).

The switch-on time ' t varied up to 1 ms,

although with optimum input focusing and minimal duty cycle ' t was

~
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typically

~

200

~s,

the fastest seen in any of the filters.

off time "C+ was usually

~

400

~s

(see Fig. 3.3).

Proper input focusing was critical:

bistability could be seen

only over a 6-mm travel of the focusing objective.
surprisingly low power:

Pmin

~

giving a focal spot diameter of
intensity of

~

The switch-

5 mW.
~

10

The bistability was

For a 6.3X focusing objective

~m,

this corresponded to an incident

6 kW/cm2, very similar to the results first reported by

Karpushko and Sinitsyn (1978).

For most of the other filters we achieved

bistability with powers as low as 1 mW with lOX focusing.
A thoroughly unexpected result
bistability loop in time; see Fig. 3.4.

was

the drifting of

the

As observed on the oscilloscope,

the switch-on intensity It slowly increased in time while the switch-off
intensity remained approximately constant (increased slightly), resulting
in an ever-widening loop that finally disappeared.

To regain the

bistability, one had to move to another spot on the filter, and the
whole process repeated.
increased.

As

It increased, the transmission also

(It was also possible to see the transmission decrease in

time, as shown in Fig. 3.4b.

However, this was due to aperturing the

detected output and introducing diffraction effects that make it appear
that the intensity near the center of the beam is decreasing, when the
actual total transmitted intensity is increasing.
more fully in Chapter 4.)

This will be discussed

This drifting occurs faster for higher input

powers.
This was the first indication (beside the slow switching speeds)
that thermal effects probably play some role in the bistability.

The
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(a)

(b)

Fig. 3.3.

Bistability Loops in TIF' s for Different Pulse Repetition
Rates.
(a) Hysteresis in the output of the 514.2-nm filter for a
pulse repetition rate of 200 Hz, but no clear switching. Time
scale 500 ~s/div. (b) Bistability in the same filter for a
67.:..Hz pulse repetition rate.
Time scale 1 ms/div. ; note
'+ ~ 200 ~s and '+ ~ 400 ~s. In both photos the top trace is
the time profile of the input (inverted) and output, and the
bottom trace is the output vs input (hysteresis) and input vs
input (inverted straight line).
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(a)

(b)

Fig. 3.4.

Drifting of the Bistability Loop in Time in the 514.2-nm ZnS
Filter.
Both photos exhibit three traces; approximately 30 s between
successive traces.
Note It increases as the filter heats up
and de tunes, and the bistable loop grows wider.
(a) The
transmission increases as the filter heats up.
Time scale
lms/division.
(b) The transmission decreases in time and
exhibits large overshoots due to diffraction effects (see
text). Time scale 2 ms/division.
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observations can be explained if we consider the situation as depicted in
Fig. 3.5.

Corresponding to the nonlinear refractive index n = no + n 2 1

there is an induced phase shift

a = ao

+ B2 I, where

ao

is the initial

detuning of the cavity, associated with the frequency detuning of the
laser from the filter transmission peak.

We can thus change

ao

by

changing the laser frequency vL or by tilting the filter, which shifts
the transmission peak to a shorter wavelength, in accordance with Eq.
(16).

Now in Fig. 3.5a, at normal incidence the 514.2-nm filter is

slightly de tuned from the 514.5-nm laser.

Assuming n 2

>0

for thermal

bistability (we shall discuss this in more detail shortly), AFP will
shift to a longer wavelength by a fixed amount AA during each laser
pulse and sweep through AL, coming to "rest" on the other side.

In this

case the initial detuning of the cavity, Bo, is less than the associated
phase shift AB, as shown in the second picture, and a small bistable
loop (third picture) with low transmission results.

The last picture is

the corresponding graphical solution (see Felber and Marburger, 1970),
illustrating that 1+ :: It (+ small loop) as a consequence of small Bo'
After a period of seconds, the filter transmission peak has drifted to a
shorter wavelength in Fig. 3.5b as the filter heats up locally.
implies a decrease in the refractive index with time.

This

Now with each

laser pulse AFP is swept exactly into coincidence with AL, and Bo = AS,
resulting in a large bistable loop with high transmission in the "on"
state.

The associated graphical solution shows that for this larger Bo,

It is increased and It

»

1+ (+ large loop).

drifted so far to shorter wavelengths that

Lastly in Fig. 3.5c, AFP has
the associated

Aa

is
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Graphical Illustration Explaining
Bistability Loop in Time.
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the

Drifting

of

the

The initial detuning is (a) less than the phase shift
associated with the bistability; (b) equal to the phase shift;
and (c) greater than the associated phase shift. See text for
full explanation.
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insufficient to produce bis tability.

Graphically this results in no

solution for It.
Thus there are two mechanisms involved that are of opposite
signs in the nonlinearity.

The first is a relatively fast one producing

the bistability, and apparently it is thermal, i.e., n 2

> O.

The second

has a much longer time constant (many seconds) and produces a decrease
in the local refractive index.

At first it was suspected that perhaps

the drifting was associated with moving "micro-domains" produced in the
ZnS by the intense internal fields, as discussed in the last chapter.
Moving domains captured at fault regions could also explain the quasistable bistability observed in some filters

(discussed shortly).

However, the observed time constant seems to be too long for this
explanation to be valid.

Instead, the drifting is almost certainly a

result of the local driving out of water in a micro-volume in the region
of the intense laser beam, with a corresponding reduction in the local
refractive index (see last chapter).

One would expect that such a

mechanism would be a cumulative effect with time, as more and more heat
is generated in the filter.
This theory can explain many of the puzzling (at the time)
aspects of the bistability:
(a)

At higher powers the loops drifted faster, presumably as

water was driven out more rapidly.
(b)

It was possible to recover the bistability on the same spot

on the filter if the laser was interrupted for a period of time and the
filter was allowed to cool.

This indicated that the water is able to

diffuse back into the voids, but fairly slowly

(~

1 hour).
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(c)

The ease with which the bistability was obtained seemed to

vary on a day-to-day basis.

This was probably a result of the daily

variations in the relative humidity; when it was particularly low the
transmission peak may have been shifted to too short a wavelength for
bistability to be observed.
(d)

With certain filters it seemed that the operating conditions

changed significantly over long periods of time; in general it was easier
to see bistability after many hours of operation, and it was quasistable.

This was likely due to the global heating of the filter, which

was not heat-sunk.

Eventually, enough energy was dumped into the filter

to raise the overall temperature and thus shift the transmission peak
back into the vicinity of the laser.
(e)

The filter was deliberately heated electrically, and it was

observed that It and the transmission decreased as the temperature
increased.

This is consistent with (d) above: global heating causes an

increase in the refractive index, shifting the transmission peak back to
longer wavelengths.

The graphical solutions in Fig. 3.5a and b show why

It and T decrease in this case.
(f)

The tunable dye laser and one of the ZnSe filters (No. 5 in

Table 1) were used to test the hypothesis that the transmission peak was
shifting as the filter heated up.
bistable loop over a range of

=4

It was possible to "chase" the
A as it tuned to shorter wavelengths,

confirming that it is indeed a local negative index change that takes
place, with a long time constant.
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In conclusion, it is safe to say that at present the presence of

adsorbed water vapor in TIF's is a severe hindrance in their use as
bistable devices that behave reproducibly.

Laser-Induced "Damage" in Interference Filters
It was noticed that the 514.2-nm ZnS filter exhibited dark areas
in the spots where it had been subjected to very high argon laser
powers.

By using an intense broadband light source and a monochromator

and looking at

the light

transmitted

through the filter

with a

microscope, we determined that the transmission peak had shifted in this
"damaged" region by 12.2 nm to shorter wavelengths.

Within several

weeks the transmission peak had not recovered; however, eight months
later the peak had shifted completely back.

Although it is possible

that damage occurred because of annealing of the crystal as discussed in
the last chapter, the change was much more likely due to the semipermanent expulsion of water in the "damaged" region, which gradually
diffused back after many months.
In addition, we observed some unusual effects in the 603.0-nm
ZnSe filter.

This filter was damaged over a large area after being

subjected to high powers of the argon laser.

The transmission was

considerably higher in the damaged regions, and in these areas we were
able to obtain large, extremely stable bistable loops (see Fig. 3.6)
unobtainable with any of the other filters.
for :\L .. 570 nm!

However, this was only true

It is unknown whether the transmission peak had

actually shifted this far in the damaged regions.

Also, this was the

only filter in which we were able to demonstrate cw operation.
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Fig. 3.6.

Stable Bistability Observed in the Damaged 603.0-nm ZnSe
Filter.
AL ~ 574 nm. Note the large bistable loop and the overshoot
characteristic of dispersive bistability.
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In conclusion, the temporal instability of TIF properties due to
water vapor adsorption is such a ubiquitous problem that the possibility
of laser "annealing" of those properties warrants further investigation.
Calculation of 6n and Estimation of Thermal Effects
In Table 1 the characteristics of the eight filters in which
bistability was seen are presented, along with the calculated values of
An.

These were computed using

(20)

2d case

Since the full wavelength range over which bistability was seen was not
determined for all the filters, these values of An represent lower
limits.

Here we have used no = 2.615 for ZnSe and no

= 2.363

for ZnS at

600 nm.

The bistability obtained for

the different filters

clearly

indicates that the mechanism is a nonresonant nonlinearity, whether or
not it is thermal.

Note that in every case, however, except filter No.

4, bistability was seen only on the long-wavelength side.

This was

readily apparent by tuning the dye laser into coincidence with the
transmission peak; tuning to the short-wavelength side then showed
limiting action while tuning to the long-wavelength side produced
bistabil1ty.

Thus n 2

> 0,

consistent with a thermal mechanism.

In

general, higher index materials are more temperature-sensitive, which is
also

consistent

with ZnSe and ZnS having

the largest observed

Table 1.

Properties of the TIF's Used, Wavelength Range over Which
Bistability Was Seen, and Calculated Values of ~n. The
anomalous range over which bistability was seen in filter 2
was observed only in damaged regions.

====z::::a-=-==-=-==========-====-=-=-========-=-=====-::==-===========-==-==~=-=== -==-=======--

FILTER NO.

SPACER

1.0 (nm)

FWHM (nm)

T (%)

~AOB (nm)

514.5

tm

~ 1.4 x 10- 3

1

ZnS

514.2

1.2

49

2

ZnSe

603.0

8.5

~20

570-574

3

ZnSe

597.0

10.0

44

600

1.3 x 10- 2

4

ZnSe

597.0

8.5

22

592-602

2.0 x 10- 2

5

ZnSe

598.0

8.5

23

600

0.9 x 10- 2

6

ZnS

589.5

2.3

58

591-592

8.8 x 10- 3

7

ZnS

591.0

1.2

60

591-592

2.0 x 10- 3

8

ZnS

603.0

1.7

55

604

4.7 x 10- 3

W
0\
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nonlinearities.

(In most materials n increases with temperature although

some commonly used dye solvents are a notable exception.
increases approximately linearly with temperature.)

In ZnS n

The anomalous

results for filter No. 4 can be explained if the filter was not at
normal incidence, which would have shifted the transmission peak to a
shorter wavelength.
There were some differences in the bistability seen in the ZnSe
filters vs the ZnS.

All the ZnS filters (except the 514.2-nm) showed

only small bistable loops, as in Fig. 3.7a, which drifted fairly rapidly
in time.

The ZnSe filters exhibited this "variety" of bistability also;

however, in filters No.4 and 5 it was also possible to see much larger
loops that drifted more slowly (Fig. 3.7b).

The poorer bistability in

ZnS could be due to the smaller n 2 , or it could be a consequence of
operating farther into the band edge (two-photon) in ZnS.

This would

produce more absorption, possibly increasing thermal effects while
degrading the finesse.

Also, in ZnS we were able to obtain bistability

only in narrow bandpass filters; in ZnSe the passbands were quite large
(up to 10 nm).
We can compute

the thermal switch-on times expected in

accordance with the measured

~n's.

The relevant thermal properties of

ZnS and ZnSe as well as the results of the calculations are given in
Table 2.
Using the values of dn/dT, we first compute the temperature rise
necessary to produce the observed
~

250°C for ZnSe.

~n,

and find

~T

=

120°C for ZnS and

~T

Thus the increase in the local temperature is quite
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(a)

(b)

Fig. 3.7.

Different "Varieties" of Bistability Observed in TIF's.
(a) ZnS filter No. 6; (b) ZnSe filter No. 4.
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Table 2.

Density

Thermal "Properties of ZnS and ZnSe.

3
P (g/cm )

ZnS

ZnSe

4.08

5.27

0.45

0.32

5
4.33 x 10-

6.0 x 10- 5

Thermal Expansion

C (J/g °C)
p
~ (oC- I )
dT
IJ.L/L (0e- I)
. dT

6
7.85 x 10-

7.57 x 10 -6

Thennal Conductance

K (CGS)

0.040

0.043

Obs. Index Change

IJ.n

5.2 x 10 -3

2
1.5 x 10-

Calc. Temp. Change

IJ.T (oC)

120

250

Switch-on Time

'tt

(lls)

130

250

Length Change

°
IJ.L (A)

4.7

9.5

lJ.(nL) - Index

°
L(lJ.n) (A)

26

75

lJ.(nL) - Expansion

°
n(IJ.L) (A)

11

25

Max. Nonlinear Index

n

4
8.8 x 10-

2.0 x 10- 3

Specific Heat
Index Change

2

2
(cm /kW)
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significant (although too small to produce any of the annealing effects
discussed in Chapter 2).

Next we can compute

T

+ as given in Eq. (14),

with the assumptions of a 2% absorption per pass, an incident power of
10 mW, and an active volume of 10
We find T+

filter).

= 130

~s

~m3 (10-~m

for ZnS and T+

spot size and

= 250

~s

1.5-~m

for ZnSe.

very close to the observed switching times of approximately 200
ZnS and 400

~s

thick

This is
in

~s

in ZnSe.

To determine whether the physical expansion of the spacer can
account for part of the optical path length change, as in Eq. (10), we
use the thermal expansion coefficients and a length L ::: 0.5

This

~m.

yields llL = 4.7 A for ZnS and 9.5 A for ZnSe, about a one-part-in-athousand change.

We thus conclude that the physical expansion can

actually be significant in the total optical path length change, as n(llL)

= 1/3

L(lln) (see Table 2).

In fact, for a cavity shift larger than one

instrument width (necessary to see dispersive optical bistability), the
required path length change is

ll(nL)

For

~=

100 at

A =

(21)

600 nm, ll(nL) ::: 30 A, and a physical expansion may

actually be necessary in the case of ZnS filters of observe bistability
(especially if the finesse is reduced).
For ZnS bandpass filters it has been observed that the cutoff
wavelength typically shifts with temperature according to ll}" /)..
10- 5 to 1

x

10-" rC (Dobrowolski, 1978).

'II

3

X

If we assume the lower figure
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to be representative of the wavelength shift in TIF's, we compute A>"

:0

20 A, about ten times larger than the observed transmission shifts in
our filters (Table 1).

We might expect that a TIF would have a smaller

transmission peak shift than a corresponding cutoff wavelength for a
bandpass filter, so the TIF would not be as sensitive to band edge
effects.
Lastly, we estimate the value of n 2 for these filters.
limit is

~n/~I,

An upper

which from Eq. (16) is given by

(22)

We find n 2

8.8 x 10-" cm 2 /kW for ZnS, and n 2

2.0 x 10-' cm 2 /kW for

ZnSe.
In summary, we conclude that all of our observations in TIF's
are consistent with a thermal mechanism, which is still most likely a
two-photon absorption that creates carriers that in turn thermalize the
lattice.

This is not photorefraction in the true sense as described

earlier.

Unfortunately, at

the

present

time it is difficult

to

unambiguously determine whether the mechanism is indeed thermal, or
photorefractive, in which case it might be possible to speed up the
nonlinearity by varying the TIF characteristics.

Observation of Diffraction Effects
As

noted earlier, aperturing the detected transmitted light

through the filter can produce pronounced effects on the bistability

42

loops, as shown in Figs. 3.4b and 3.8.

This enhanced overshoot and

downward slope of the transmission can be explained on the basis of
diffractive effects introduced on the wavefront by the nonlinearity of
the TIF.

Due to the unstable nature of the bistability in TIF's, a more

thorough investigation of these effects was undertaken in a GaAs MQW
etalon.

The results are described in the next chapter.
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(a)

( b)

Fig. 3.8.

Enhanced Overshoot and Downward Slope of the Transmission in
TIF's.
(a) ZnS 514.2-nm filter; (b) ZnSe 603.0-nm filter.

CHAPTER 4

TRANSVERSE EFFECTS IN OPTICAL BISTABILITY
IN GaAs SUPERLATTICE ETALON

In this chapter we shall briefly discuss the nature of the
optical nonlinearity in GaAs and the observation of room-temperature
optical bistability in a GaAs superlattice etalon.
refractive index is negative (n 2

< 0)

In GaAs, the nonlinear

on the low-energy side of the

resonance, so the medium exhibits self-defocusing behavior.

This can

combine with diffraction and the non-plane-wave transverse-Gaussianlaser-beam profile to produce interesting effects on the observed
bistability.

We describe an experiment in which the beam transmitted

through the bistable etalon is monitored through a small aperture,
producing effects qualitatively similar to those discussed in the last
chapter for TIF's.
GaAs Excitonic Nonlinearity
GaAs is a direct

bandgap semiconductor

with Eg :::

1.5 eV

(0.827 \.1m) at room temperature, which shifts toward higher energies at
lower

temperatures.

Just

below

the

bandgap is

a

sharp exciton

resonance, which can be saturated at relatively low intensity, Is :::
150 W/cm 2 •

An exciton is a free hole and a free electron pair bound

together by Coulomb attraction.

It can be modeled as a hydrogen-like

atom with a large Bohr radius (140 A), and effectively introduces energy
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states with the usual l/n2 dependence into the bandgap just below the
conduction band edge (n = co).
4.2 meV (n = 1).

In GaAs the exciton binding energy is

At intensities greater than the saturation intensity

enough free carriers are excited in the band tail to screen out the
electron-hole Coulomb interaction, thus destroying the exciton.

(Band-

to-band absorption does not cut off abruptly at the band edge, but has
an exponential tail, as discussed in Chapter 2.

This background

absorption at the exciton wavelength is unsaturable and thus degrades
the finesse of a GaAs etalon.)

This saturation of the exciton absorption

is illustrated in Fig. 4.1a.
Associated with the absorption is a contribution of the exciton
resonance to the refractive index, given by

(loA

!:.A/SA

411'

1

+ (!:.A 70'A.)'1. + llrs '

(23)

where the peak absorption is (loL and 26'}.. is the FWHM of the exciton
resonance (typically 5 A at 10 K).

There is an accompanying saturation

of the index, as shown in Fig. 4.1b, which, for a laser detuned to the
long-wavelength side of the exciton resonance (where the background
absorption is smallest), gives n2

< O.

The nonlinear index n 2 is obtained

by evaluating dnex/dl at I = 0:
(lo A

tJ.A / 6A

- 411'!s [1 + (!:.A /15 A)2 )2

giving a calculated value of n 2 = -0.4 cm 2 /kW for GaAs.

(24)
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(a)
Exciton
Absorption

Tail Region of
/
Band-Band Absorption
""~~
w
ex

(b)
n'
t:'eal

Irllas

'.Il

Fig. 4. i.

ex

Effect of Saturation on the Absorption and Refractive Index in
GaAs.
(a) The absorption spectrum exhibits an exciton resonance just
below the bandgap (solid curve) that saturates (dotted curve)
at high enough intensity. (b) The excitonic contribution to
the refractive index (solid curve) also saturates (dotted
curve) at high intensity. (After Jewell. 1984.)
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As

a

consequence

of

this

nonlinear

dispersion,

optical

bistability can be observed in a GaAs etalon with the laser-excitation
detuned by about 10 to 25 A to the long-wavelength side of the exciton
resonance.
Room-Temperature Optical Bistability in a GaAs Superlattice Etalon
A superlattice consists of thin (50 to 400 A) alternating layers
of GaAs and AIGaAs, grown by molecular beam epitaxy on a GaAs substrate,
as shown in Fig. 4.2.

The energy gap in AlGaAs is slightly larger than

that in GaAs (1.75 eV vs 1.52 eV at 2 K) resulting in a modulation of the
valence and conduction bands.

Excitons and low-energy free carriers in

the GaAs wells are thus unable to penetrate the AlGaAs barriers.

For

GaAs layers approaching tbe Bohr diameter of the excitons (280 A), this
confinement of the carriers results in a quantization of the carrier
motion in the direction normal to the layers, yielding a set of discrete
energy levels.

(Motion in the plane of the layers is not affected by

the potential barriers.)

Thus the exciton behaves like a two-dimensional

hydrogen atom with decreased radius and increased binding energy.
increased binding energy

(~9

This

meV for 100-A wells) results in a much

larger, sharper exciton feature in MQW's over bulk GaAs at room
temperature, as well as pushing the exciton feature farther from the
band edge (Miller et al., 1982).

An additional property of the MQW's is

the "tunability" of the bandgap energy: it decreases with increasing well
thickness.

This has allowed observation of optical bistability with a

nontunable diode laser in a suitably matched GaAs superlattice etalon
(Tarng et al., 1984).
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Fig. 4.2.

GaAs-AlGaAs Superlattice Structure.
Eg(GaAs) :: 1.52 eV, Eg(AlGaAs) = 1.75 eV, at 2 K.
1975.)

(Dingle,
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The GaAs superlattice etalon is fabricated by a combination of
mechanical polishing and selective chemical etching of the substrate and
stopping layers (see Jewell et al.,

1983), after which it is

dielectrically coated on both surfaces or is sandwiched between coated
cover slips (R

~

0.90).

Optical bistability at room temperature in GaAs

was first observed in such an etalon with a super lattice consisting of
61 periods of 336-A-thick GaAs and 401-A-thick AlGaAs layers.
results are shown in Fig. 4.3 (Gibbs et ale, 1982).
important

step

forward,

since

for

many

potential

The

This was an
bistability

applications, room-temperature operation is virtually essential.
Prior to this work, optical bistability in bulk GaAs had been seen
only up to 120 K, so it seemed reasonable that it was the increased
binding energy in MQW's"i:hat allowed enough excitons to "survive" at room
temperature.

Since then, however, with better focusing provided by

microscope objectives in the absence of liquid-nitrogen dewar windows,
room-temperature optical bistability has been achieved in bulk GaAs with
performances nearly identical to that in the MQW's (Jewell et al., 1984).
It

is surmised that the presence of background absorption forces

operation with the laser detuned far from the exciton peak, so that one
is not able to take advantage of the sharpness of the MQW exciton peak.
Lastly, the existence of excitons at room temperature at all (when kT is
3 to 6 times larger than the binding energy) is attributed to the weak
optic phonon interaction in GaAs.
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Fig. 4.3.

Optical Bistability at Room Temperature in a GaAs Superlattice
Etalon.
(a) Entire beam. (b) Central part of output (~ 1-~m diameter
of the ~ 5-~m diameter spot size at the sample) amplified 30X
relative to (a). XL = 881 nm.
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Self-Defocusing, Diffraction, and Transverse Effects
In most theories of optical bistability, plane-wave conditions

are assumed.

This is clearly not the case in most experiments, in which

laser beams with Gaussian transverse spatial profiles are employed.

In

general, transverse effects cannot prevent bistability, but they can, in
certain cases, cause radially dependent switching.
For a practical device one wishes to minimize the input power,
so focusing the input as much as possible is desirable.

However, if

focusing is too tight, beam walkoff results, and etalon transmission is
very low.

If the focusing is too weak, one might expect switching only

out to a finite radius, based on plane-wave results.

The Fresnel

number, defined as

(25)

F

where no is the background unsaturable refractive index, L is the etalon
length, and a is the radius at half-maximum intensity, is a measure of
how large a role diffraction effects may play.
Moloney and Gibbs (1982) show that for F

»

Numerical simulations by

1, one obtains switch-on

only out to a finii:e radius, i.e., in the wings of the beam the intensity
is insufficient to produce switching.

However, for F

~

1 whole beam

switching occurs, as diffraction is strong enough to couple the wings of
the beam with the central part.

This drastic radial dependence has not

been observed experimentally, at least partly due to the difficulty in
obtaining large Fresnel numbers.

However, transverse effects on whole-
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beam switching times have been observed:

the smaller the radius, the

earlier the beam switches on, and the later it switches off (Gibbs et
al., 1983).

Of course, diffusion of exciton and free carriers, an effect

ignored in the simulations, could provide transverse communication so
that the beam switches on out to large radii.
The significant difference in the appearance of the bistability
loops in Fig. 4.3a and b was motivation to perform an experiment to
further investigate these transverse effects.
the

same as

experiments:

that

in

the

room-temperature

The apparatus used was
optical

bistability

an argon-ion laser (Spectra Physics Model 171) pumping an

LDS 750 dye laser (Coherent Model 590) of

~

100 mW power; Zenith model

M-40 acousto-optic modulator; focusing and imaging microscope objectives;
RCA 8852 photomultiplier; Tektronix 7104 oscilloscope; and the 336-A
superlattice described earlier.
modulated to produce a train of

The cw light was acousto-optically
~

2-~s

triangular pulses.

The experimental arrangement for observing the transverse
profiles is shown in Fig. 4.4.

A 6.3X microscope objective focuses the

input Gaussian laser beam to an

8-~m

on the etalon.

diameter spot with the beam waist

A 20X microscope objective, mounted on an xyz-

translation stage, images the output onto a plane with a
The

aperture is

placed

sufficiently

far

away

to

25-~m

obtain

aperture.

large

magnification and insure that the image plane remains fixed as the 20X
objective is translated along the propagation direction.

Since n2

< 0,

the nonlinearity in GaAs defocuses the beam, and moving the objective
closer to the etalon probes the virtual object planes, as suggested by
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L

= 2.05\lm
F

2a = 8\lm (FWHM)

30

Image
plane

wllh
25fLm
aperture

Focusing
lens

Imaging
lens

Virtual

obJect
planes

Fig. 4.4.

Experimental Arrangement for Observing Transverse Profiles as
a Function of Axial Position.
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the dashed beams at the bottom of Fig. 4.4.

The transverse beam

profiles are mapped out by oscillating a mirror back and forth at a rate
slow compared to the 40-kHz rate of the input pulses.

The vibrating

mirror, placed between the imaging objective and the aperture, sweeps
the imaged profile across the aperture to obtain the transverse profile
as shown in Fig. 4.5.
one input pulse of :

In the top trace, each vertical line represents
2-~s

duration.

The dashed line is the envelope of

the peak of the overshoot in the output intensity, illustrating that an
enhanced overshoot occurs only for small radial coordinates.

The

intensified pulse in the upper trace, corresponding to a transverse
position near beam center, is displayed in the expanded time trace of the
bottom right, with the accompanying hysteresis loop at the bottom left.
Drastic changes in the observed beam profiles and bistability
loops are obtained as one translates the imaging objective along the
propagation axis (z-direction).

Figures 4.6a-d show the on-axis

hysteresis loops (detected through the

25-~m

aperture) obtained by

imaging the virtual object planes (a) at the etalonj and (b) 50
75

~m,

(d) 100

~m

before the etalon.

~m,

(c)

Note the enhanced overshoot

switching in (b) and (c), the downward slope in (b) and (c), and the
enhanced upward slope in (c) and (d).

Very similar results are obtained

when one probes a given object plane at various radial coordinates by
translating the aperture in the x,y directions.
These results can be explained in terms of an intensitydependent virtual focus.

The GaAs etalon acts as a negative lens and

defocuses the input beam due to the negative nonlinear dispersion, making
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Fig. 4.5.

Transverse Beam Profile Exhibiting Enhanced Overshoot for
Small Radial Coordinate.
Top: 200

~s/division;

bottom: 2

~/division.
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Fig. 4.6.

On-Axis Hysteresis Loops Exhibiting Enhanced
Downward Slope, and Enhanced Upward Slope.

Overshoot,

(a) - (d) experiment, (a') - (d') computer simulations.
text.)

(See
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it appear as if the transmit ted light emanates from a virtual focus
before the etalon.

As the triangular input pulse used to map out the

hysteresis loop varies in intensity, the position of the virtual focus
oscillates back and forth as the "power" of the lens changes (since
n

= no

-

In 2 II).

Also, the intensity of the virtual focus is larger than

the corresponding transmitted intensity at the etalon.
With this in mind, we can explain the features observed in the
hysteresis loops of Fig. 4.6.

Figure 4.6b is particularly interesting, as

the extreme downward slope implies that the output intensity decreases
as the input intensity increases.
for object planes

a

This makes sense if we assume that

50 to 75 \lm before the etalon, the input beam is

virtually focused for small input intensity, but it is not focused for
larger input intensity.

Similarly, the enhanced upward slope in Fig.

4.6d indicates that for object planes '" 100 \lm before the etalon, the
reverse holds true.

The enhanced overshoot can also be understood on

this basis, if we take into account the switching dynamics (see Tai,
Gibbs, and Moloney, 1982b).

During switch-on both the magnitude and

phase of the intracavity field undergo drastic changes, causing the
virtual focus to move from the etalon to the steady-state position
(about 100 \lm before the etalon).

Thus enhanced overshoot is seen for

virtual object planes '" 50 to 75 \lm before the etalon.
Lastly, we have included in Figs. 4.6a'-d' the results of
computer simulations performed by Tai et al. (1984), in order to show
the excellent agreement between theory and experiment.

The calculations

assume a one-transverse-dimension Gaussian input for a ring cavity in the
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good-cavity limit (relaxation times Tp T2 «cavity round-trip time
so the medium evolution can be adiabatically eliminated.

T

R),

The Maxwell-

Bloch equations can be solved for this quasi-equilibrium, reducing to

aE
a(z/2L)

(26)

Here the ring cavity length

=

2L, A is the de tuning of the laser in units

of the resonance linewidth, Vt 2 is the transverse Laplacian operator, and
E is the complex slowly varying total field normalized to the saturation
An

input profile EI(X) = EI(O) exp(-x Z /wo 2 ) is assumed,

where 2az = woz In2.

The first term on the right-hand side in Eq. (26)

field amplitude.

describes the effect of the nonlinear medium, while the second term
describes diffraction.

The fast-Fourier-transform technique (Sziklas and

Siegman, 1975) is used to solve Eq. (26) for the output field at the exit
of the ring cavity.

This output field is then free-space propagated in

the backward direction,
objective.

corresponding to movement of the imaging

Equation (26) is again used, but with ao set equal to zero.

The computed results agree remarkably well with the experiment in spite
of the one transverse-dimension simplification and the fact that the
medium does not satisfy the good-cavity limit.
In summary, we have shown that the effects of diffraction and
self-defocusing in the case of GaAs can have a significant effect on the
observed bistability.

The dramatic change in the on-axis profiles can be

accounted for by a moving virtual focus, whose position is dependent on
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the incident intensity.

This also accounts for the similar profiles

observed at different radii from the axis, since the magnitude of the
self-defocusing varies with incident intensity, and hence with radial
coordinate,due to the Gaussian laser beam profile.

CHAPTER 5
THEORY OF THE BIEXCITON NONLINEARITY IN CuCl
In this chapter we describe the origin of the nonlinearity that
gives rise to bistability in CuCl; the calculation of the dielectric
function and prediction for optical bistability by Koch and Haug (1981),
with subsequent important modifications by Sarid, Peyghambarian, and
Gibbs (1983); and the prediction of picosecond switching times by
Hanamura (1981).
Excitons, Biexcitons, and Polaritons in CuCl
CuCl is a direct gap semiconductor with a zinc-blende crystal
structure and a rather large energy gap of Eg
onset of band-to-band transitions occurs at

=

=

3.40 eV, so that the

3650 A at 4 K.

The

absorption spectrum shows a 20-A-broad prominent feature at 3870 A (Ex
3.203 eV) due to the lowest-energy state Z, exciton, as in Fig. 5.1.
CuCl is unusual in that Eg and hence Ex shift to higher energy as the
temperature increases (i.e., dEg/dT

>

0).

There is also an absorption

feature at 3900 A due to the 11 bound exciton, the strength of which is a
measure of the CuCl impurities (the excitons are generally bound at
neutral acceptor sites, e.g., eu vacancies).
There is a general scaling valid for many semiconductors of
exciton binding energy EB x with Eg; hence excitons in CuCl have one of
the largest known binding energies:
60

EB x = 190 meV.

Thus one expects

61

1.0
- - - (a)

Z3 EXCITON

(b)

/'
I

I

10'
I

ain

--\
.

t

/

~z

<C

a:

I

\

I

!

,

\

I

I/)

II

,

\

t-

I

o

UJ

N

:J

\

<C
~

a:
0

z

10?

I

\
I

~
\

I

',----"
:03~

____ ____ ____ ____ ____ __________

3830

~

::840

~

3850

~

:lEGO
WAVELENGTH

Fig. 5.1.

~

~

3870

!SSO

3850

~

39CO

\ll

Transmission Spectrum of a 0.5-lJIIl Thick CuCl Sample at 4.2 K.
Incident intensity (a) ,. 3 kW/cm 2 , (b) ,. 30 MW/cm 2• Note the
presence of the biexciton absorption (3890 A) at high
intensity. (Svorec and Chase, 1976.)
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that foe temperatures as high as room temperature (kT

= 25

all of the free electrons and holes will form excitons.

meV) almost

At an exciton

density of '" 10 16 cm-', the mean distance between excitons is '" 500 1\.
Since the diffusion length for excitons is a few micrometers, excitonexciton collisions are important in particle dynamics.
Because of the large binding energy, the Bohr radius of excitons
in CuCl (ax

~

are small.

For crystals in which me

7 A) and the electron-hole effective mass (me/mh = 0.02)

exciton:lc modules or biexcitons.

«

mh one expects the formation of

In fact, it has been shown both

theoretically (Akimoto and Hanamura, 1972; Brinkman, Rice, and Bell,
1973) and experimentally (Souma et al., 1970; Shionoya et a1., 1973;
Segawa

and Namba, 1975) that biexcitons are the most stable state of

excitation in crystals without valley degeneracy.

Thus in wide-gap

semiconductors like CuC1, the excitonic and biexcitonic effects dominate
in

the

optical

properties,

and,

in

particular,

in

the

optical

nonlinearities.
Recall that the exciton can be modeled as a hydrogen atom, with
energy given by

(27)

where the last term is the kinetic energy with which the exciton moves
through the crystal.
free electron mass.)

(The exciton mass mx

=

2.5 mo, where mo is the

Similarly, a biexciton resembles a hydrogen
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molecule, shown pictorially in Fig. 5.2, with energy

Exx

=

(28)

The biexciton has a lower energy than two free excitons due to EBxx,
since each carrier now sees the Coulomb attraction of two opposite
charges.

The biexciton in CuCl formed by the combination of two Z,

excitons has a large binding energy EB xx "" 30 meV, which ensures the
presence of biexcitons below about 78 K.

Also, the biexciton Bohr radius

is axx = 10 A and the effective mass mxx "" 5.29 mo, although the
approximation mxx

= 2mx

is usually assumed.

Since the biexciton has a finite lifetime, it will decay
radiatively to the exciton state by means of the process

biexciton

+

1\w

+ exciton.

As the photon momentum is negligible, the transition is nearly vertical;
a simplified schematic for the energy scheme is shown in Fig. 5.3.
that the binding energy EBxx (as given By Eq. (28) with kxx

= 0)

Note

is

(29)

The luminescent decay from such transitions can be used to probe the
dynamics of the exciton-biexc1ton collective.

{<'or example, for the
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Fig. 5.2.

Biexciton Consisting of Two Electrons Associated with Two
Holes.
(After Pankove, 1971).
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GROUND STATE

k

Simplified Picture of the Energy Scheme for Excitons and
Biexcitons in CuC!.
Luminescence occurs via Exx + Ex + nw. For a discussion of
the two-photon absorption, nn + nn + Exx, see text.
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transition Exx

+

nw +

Ex, Eqs. (27) and (28) yield
(30)

1'100

Assuming that the biexcitons are in thermal equilibrium, their energy
distribution is Maxwellian:

(31)

where nxx is the biexciton density and E = rfk2/4mx is the kinetic energy.
Now the lumines.cence intensity l(nw) should be proportional to n xx , so
that

which has a peak at

ow

= Exx o -

Souma et ale (1970) observed
interestingly,

determined

that

Exo - 1/2 kT and a low-energy tail.

this luminescence band in CuCI, and
the

effective

temperature

of

the

biexcitons was five times higher than the lattice temperature (22 K vs

4.2 K).

This reveals that the biexciton formation process must produce

"hot" biexcitons (at large wave vector k as shown in Fig. 5.3) that do
not have time to thermalize during their lifetime.

Such observations as

determined from luminescence spectra will be discussed much more
thoroughly in Chapter 8.
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When a photon interacts with an exciton, as, for example, in the
formation of a biexciton, there is a strong coupling between the
electromagnetic field and the polarization in the crystal.

The

eigenstates of this coupled exciton-photon system are mixed states of
excitons and photons, called polaritonso

In CuCI the polaritons result

in a nonlinear dispersion relation in the region where the photon
dispersion crosses the exciton band, as shown in Fig. 5.4.

Thus in those

frequency ranges where strong coupling exists between photons and
excitons, the propagating modes in the crystal are polaritons traveling
at the group velocity.

This interaction causes a splitting of the

exciton branch into an upper polariton branch (UP) and a lower polariton
branch (LP).

Above the knee of the curve in the LP branch the particle

behaves as a free exciton; below the knee it behaves as a photon.

That

is, as the polariton energy becomes significantly less than the free
exciton energy, the group velocity of the polaritons increases and their
coupling to the lattice becomes very weak.
A more realistic energy diagram including the effects of
polariton dispersion is shown in Fig. 5.5.

If the Pauli exclusion

principle is· applied to two identical particles in the same band, then
the two electrons in the r, conduction band must have opposite spins, as
well as the two holes in the r 1 valence band.

The electron-hole spin

exchange interaction (see Suga and Koda, 1974a) splits the Z3 exciton in
CuCI into two states of symmetry r z and rso
angular momentum J =

a

The r z exciton has total

and is a superposition of pure singlet electron-

hole spin states, while the rs exciton has J

=1

and is a superposition
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Polariton Dispersion in CuCl.
The coupling between the photon and exciton splits the
dispersion into two branches:
the upper polariton (UP) and
the lower polariton (LP).
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CRYSTAL
GROUND
STATE r7 (VB)
Fig. 5.5.

Schematic Energy Diagram for CuCl, Including Polariton
Dispersion.
The transverse polariton has two branches, UP and LP, while
the longitudinal exciton has one. Energy levels are not to
scale, and the polariton dispersion has been greatly
exaggerated. Dashed lines indicate optically inactive levels;
ML and MT are the only allowed transitions. (See text.)
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of singlet and triplet states.
by the combination of two

r1

Z3

Similarly, the biexciton in CuCl, formed

excitons (EB XX = 30 meV), has bound states

(J = 0) and a first rotationally excited state r~ (J

1).

The r s exciton has a threefold degeneracy that is partially
lifted by the polariton dispersion, resulting in one longitudinal exciton
branch (r 5 x ,L in Fig. 5.5) and two doubly-degenerate transverse polariton
branches (UP, LP).

Note that a longitudinal exciton has a dipole moment

parallel to its wave-vector and hence cannot interact with a photon,
which is a purely transverse mode; however, a transverse exciton may
interact with a photon

(+

polariton).

Hanamura (1975) performed a

thorough study of the optical properties of the biexciton in Cuel and

rs

showed that for the dipole selection rule AJ = ±1, only the
and the r 1 biexciton are optically active.
transitions are ML (biexciton r 1

++

exciton

Thus the only allowed dipole

longitudinal exciton r 5 ) and MT (r 1

++

transverse polariton r 5 ), as shown in Fig. 5.5.
Giant Two-Photon Absorption in CuCl
There are
crystals.
excitation.

three possible ways

to generate biexcitons in

The first is an indirect method, namely, band-to-band
Photons with nw

> Eg

excite free electrons and holes, which,

by collisions and phonon emission, combine to form excitons.
-exCltons then collide and finally form biexcitons.

Similarly, the second

indirect method involves direct excitation of excitons (nw
3.203 eV), which then collide to form biexcitons.

These

:<

Exo ::

In the latter case,

free r s excitons are created in the "bottleneck" region of the dispersion
curve, and hence have small wave-vectors (Suga and Koda, 1974b).

When
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the two excitons collide, they can form a biexciton only if they can
eliminate the 30-meV binding energy.

In CuCl the LO phonon energy is

26 meV, so it is reasonable to assume that biexciton formation takes
place mainly by LO phonon emission.

(This could also explain why the

observation of biexcitons is so favorable in CuCI.)

Since the dispersion

curve for LO phonons is fairly flat, even though the excitons have small
k, biexcitons with large k are formed, with the LO phonons performing
the conservation of momentum.

This explains the observation of "hot"

biexcitons alluded to earlier (see Levy et al., 1976).
Biexcitons

can also

be generated

directly

absorption (TPA) , as suggested by Hanamura (1973).

by

two-photon

In this case the

absorption is extremely enhanced due to a large oscillator strength and
the nearly-resonant intermediate exciton level;
"giant" TPA.

thus

the so-called

As indicated in Fig. 5.3, two photons each of energy

3.186 eV

(33)

can directly excite

the r 1 biexciton ground state by a virtual

intermediate level.

Note that if the excitation involves a single beam

of photons, the biexcitons are created with k

= 2k o,

where ko is the pump

polariton wave vector in the crystal.
As Hanamura showed, the transition probability associated with
the TPA, Wxx (2), and with the usual one-photon absorption due to an
exciton, Wx (1), are in the ratio
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'"

3

X

10- 15

(~)

(34)

•

So for photon densities N/V

~

single-photon absorption.

This is due to the presence of

10 15 cm- 3 , the TPA will be as strong as

two

enhancement factors in the expression for Wxx (2).
The first factor 64(axx / a o)2 is a result of the giant oscillator
strength--in fact, in Cuel it is the largest for biexcitons of any of the
semiconductors.

~x

Since

'" 10 A, this factor is .. 10 2 •

It is a

consequence of the fact that it is only necessary to excite another
exciton in the range within axx around the first exciton to make a
biexciton coherently.

In

the ordinary two-photon absorption,

the

electron excited to the intermediate state must again interact with the
second photon.
The second enhancement factor

(Ex - nl'I)-2

'" 10" is due to the

presence of the nearly resonant intermediate exciton state.

Thus there

is a total enhancement of '" lOG over the usual two-photon absorption.
Experimentally, for

1\1.11

'"

Ex - 1/2 EB xx , one would then expect to see a

giant TPA absorption peak imbedded in a weak background of the onephoton (exciton) absorption tail and the ordinary two-photon absorption.
The experimental evidence for this direct generation of biexcitons was
first given by Gale and Mysyrowicz (1974).
Finally, Itoh, Watanabe, and Ueta (1980) have measured the shift
of the TPA absorption to higher energy with increasing temperature; for
T

~

78 K the absorption feature vanishes (Fig. 5.6).
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Fig. 5.6.

Shift of the TPA Resonance with Temperature.
(Hoh et ale, 1980.)
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Calculation of the Dielectric Function and
Prediction of Optical Bistability
In direct-gap semiconductors it is possible to produce biexcitons

by induced

one-photon absorption i f

there is

concentration of exciton-polaritons with energy

present a
~

1/2 Exxo.

large
This virtual

formation of biexcitons at high polariton concentrations (as well as
simply the presence of a high concentration of biexcitons) causes what is
known as the renormalization of the polariton spectrum.

It is because

the exciton-polaritons and biexcitons couple strongly around the giant
TPA that the dispersion curve for free exciton-polaritons is modified.
From a microscopic point of view, there is a renormalization of the
polaritons due to virtual biexciton formation stimulated by the laserinduced polariton population ("induced renormalization") at Exx - ru.IL, as
well as that due to polaritons interacting with themselves ("selfrenormalization") at 1/2 Exx (May, Henneberger, and Henneberger, 1979).
This renormalization manifests itself as intensity-dependent
anomalous changes in the refractive index,

which were observed

experimentally at 1'u..1 '" 1/2 Exx by two-photon resonance Raman scattering
[Itoh and Suzuki (1978); Itoh, Suzuki, and Ueta (1978)J.

Haug, Marz, and

Schmitt-Rink (1980) and Marz, Schmitt-Rink, and Haug (1980) used a
dielectric formalism to calculate the renormalized polariton spectrum in
a simple way.

They showed that the formation of virtual biexcitons

introduces new eigenmodes into the system, which results in the further
splitting of the usual polariton spectrum into three branches.
if the finite lifetime of

However,

the biexcitons is taken into account, the
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splitti.ng is removed and only anomalous dispersion features remain.

The

effects are more pronounced at larger polariton density np and longer

'XX.

biexciton lifetime

In Fig. 5.7 is shown the anomalous dispersion

resulting from the induced renormalization, based on the above theory.
Kuwata, Mita, and Nagasawa (1981, 1982) used polarization
rotation experiments
determined that 6n
3.1796 eV).

=

to

observe

2.9 x

1O-~

the induced

renormalization,

and

at 3.1920 eV (= Exx - nwU oWL =

Itoh and Katohno (1982) actually measured the intensity-

dependent 6n due to self-renormalization in the entire vicinity of the

TPA; their results are shown in Fig. 5.8.
The basic optical properties of a dielectric medium, i.e.,
absorption and refraction, are encompassed in the complex dielectric
function e(k,w), which describes the dynamic response of a system to the
radiation field.

Koch and Haug (1981) used such a dielectric Green's

function formalism to calculate the polarizability of the medium and to
determine the eigenmodes of the electromagnetic wave from the dispersion
relation

e(k,w)

(35)

Spatial dispersion can be neglected due to the large EB xx (since Exx/2 is
in the bottleneck region of the polariton dispersion), and when the selfenergy is taken into account (i.e., x + pol.
complex dielectric function

+

xx), one obtains the
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Lower Branch of the Polariton Dispersion, Exhibiting Induced
Renormalization due to Biexcitons.
Dotted line:
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with renormalizationj full line: without.
(Honerlage, Bigot, and Levy, 1984.)
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1982.)

I Ani

increases with pump power.

(Itoh and Katohno,
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e:(E)

(36)

where
4np1M12Ex(Exx - E - iyxx)
(Exx - iYxx)(E xx - 2E - iyxx) •

Here e: o and

e:~

(37)

are the dielectric constants at low and high frequencies,

which are related by the transverse-longitudinal splitting 0:

(38)

Explanations of the symbols and values of the material constants for
CuCl are given in Table 3.
An important observation is that the self-energy correction,

n 2 (E), is intensity-dependent by means of np.

On this basis, Koch and

Haug predicted that optical bistability should occur in CuCl due to the
giant TPA and the self-renormalization of the polariton spectrum around
1/2 Exx (see also Haug et ale, 1981; Haug, 1982).

They considered a

Fabry-Perot etalon formed by the natural reflectivity of the crystal
faces, where the ratio of the transmitted to the incident intensity is
given by

(l - R)2

(39)
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Table 3.

Material Constants for CuCl.
(After Saridet. al., 1983.)

===~======,================================

Dielectric Constant
at Low Frequency

EO

Dielectric Constant
at High Frequency

E:""

Transverse-Longitudinal
Splitting

15 = 5.7 meV

Exciton Energy

Ex

Biexciton Energy

Exx = 6.3722 eV

Exciton Linewidth (FWHM)

y

Biexciton Linewidth (FWHM)

Yxx = 0.16 meV

x

5.6099

= 5.59

= 3.2022

=

eV

0.03 meV

Matrix Element for
Biexciton Formation
Polariton Density

np - depends on excitation
intensity
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Here
=

IS

IS'

+ 115"

nUlL
-c

=

(40)

is the phase shift for a single pass through the resonator of length L.
Since the index n

=

n' + in" is intensity-dependent, so is the reflection

coefficient (normal incidence):

R

==

(n' - 1)2 + n"2
(n' + 1)2 + n "2 •

(41)

Also, the intracavity intensity is dependent on 10 by means of np:
(42)

and
(1 - R)

Ii

T

(43)

Koch and Haug solved these equations numerically and predicted that for
a

1-~m-long

cavity with natural reflectivity faces, optical bistability

would be obtainable near the TPA resonance (1\w = 3.1861 eV) with an
incident intensity of 0.1 MW/ cm 2 at a polariton density of 2

x

1016 cm- 3 •

Since the nonlinear index n 2 scales approximately as 1/6 2 , where 6 =
Exx/2 - OUlL, OB is quickly lost due to the sharpness of the biexciton
resonance.

In fact, Koch and Haug's computer simulations showed that

for 161>0.1 meV, bistability disappeared.
Sarid, Peyghambarian, and Gibbs (1983) carried the calculation
one step further by considering three effects neglected by Koch and
Haug:
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(1) the broadening of the biexciton resonance with intensity
(Koch and Haug assumed Yxx

= constant);

(2) the background absorption due to the exciton resonance in the
vicinity of the biexciton energy (Yx f= 0);
(3) the proper use of the energy velocity rather than the group
velocity in converting np'" Ii [Eq. (42)].
The biexciton two-photon resonance exhibits a broadening with
input laser intensity (Chase et al., 1979; Peyghambarian, Chase, and
Mysyrowicz,

1982)

attributed

to

exciton-exciton

collisions.

Peyghambarian et ale (1984b) have developed a "cage model" appropriate
for liquid densities, i.e., where the mean free path of the particles is
the mean interparticle distance.

Yxx

=

The collision rate is given by

<v>
Yxx,o + N-l/S '

(44)

where Yxx,o is the natural linewidth, <v> is the mean thermal particle
velocity, and N-1/s is the mean interparticle distance.
confirms the observed 10 1 /

2

The model

dependence of the line wid th very well.

The exciton line width should also be considered, as it introduces
a

linear absorption

tail near

the biexciton resonance.

Such an

unsaturable background absorption can be fatal to bistability.

A value

of Yx = 0.03 meV agrees well with experimental data.
In the presence of absorption the energy velocity vE is not
equal to the group velocity Vg (Loudon, 1970).
replaced by

Hence Eq. (42) is
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(45)

with vE calculated from

c/n
1 + ac/nyx

c

where

(Sl2)"

is the imaginary part of

fl2

(46)

[Eq. (37)].

The calculated vE is

practically the same as Vg except near the biexciton resonance.
Taking these three effects into account, Sarid et al. compute
the nonlinear refractive index n2
absorption a

=

41Tn"/'A.

::

/In'II and the intensity-dependent

Their results are shown in Fig. 5.9.

good qualitative agreement of Fig. 5.9b with Fig. 5.8.
OB can be obtained on either side of the TPA resonance:
(n 2 >0), and for nwL > Exx/2 (n 2 <0).

Note the

Also, note that
for nWL < Exx/2,

However, as was the case with GaAs,

the increased background absorption at shorter wavelength (in this case
due to the exciton tail) probably precludes the possibility of obtaining
In addition, they determine that in order to see
bistability, one needs approximately a
reflectivities R

~

10-~m-thick

0.9, as shown in Fig. 5.10.

10 MW/cm 2 to switch the device.

CuCl slab with mirror

Also, it takes 10 '"

Thus, the R, L, and II needed to observe

bistability are all larger than those predicted by Koch and Haug.

83

5000

Eu
"....

u

2500

,:\.
~.

o

,,'

\

~

"--- ......

./'

k=~==~~~~~-~-~--~-L__~~~

3. 165

3. 18

Energy

3. 195

[eV]

0.01

c

o

,

1/1

~

a.

0

--------------'~

1/1

,,,.-----

o

-0.01
3.165

3.18

Energy

Fig. 5.9.

3. 195

reV]

Intensity-Dependent Absorption and Nonlinear Dispersion in
CuCl as a Function of Polariton Energy.
Here np
5x10 16 cm- 3 (full line) and np = 5x10 's cm- l (dashed
line), corresponding to '" 10 MW/cm 2 and", 1 MW/ cm 2 at the
biexciton resonance. (Sarid et aL, 1983.)

84

,

2.5

I

,,
I

/

I

I

+J
:J

0..

+J
:J

I

0.8

R

/

1. 25

I

/

I

a

I

/

R = 0.9

/

,-

0
0

,-

/

""

/

---

""

/

6

12

Input
Fig. 5.10.

Input Intensity vs Output Intensity for a 10-llm-Thick CuCl
Etalon.
Note bistability 1s obtained for R=0.9 (full line), but not for
R==O.8 (dashed line). (Sarid et al., 1983.)

85
Lastly, it should be noted that:
(1) The Fano effect on the biexciton line shape has also been
considered (Chemla, Maruani, and Batifol, 1979).

Fano interference

arises because the discrete biexciton state is imbedded in a background
of continuum states; this coupling results in a new "auto-ionizing"
state, which modifies the biexciton profile.

The auto-ionizing character

of the biexciton is that it is unstable against the decay xx
pol.

+

poL +

Schmitt-Rink and Haug (1981) calculate e:(k,w) taking the auto-

ionization of biexcitons into account, and conclude that the Fano effect
has negligible effect on the line shape.
(2) The local field correction (LFC) may affect the bistability.
The macroscopic field used in obtaining e:(k, w) is actually the local
field at the exciton or biexciton position, i.e., it does not include the
self-field of each particle.

To obtain IT vs 10 one needs the total

internal macroscopic field that satisfies Maxwell's equations.

Sung and

Bowden (1984) incorporate the LFC into the dielectric formalism, and
obtain an even more general expression for e:(w) than that obtained by
Koch and Haug (1981).

Sarid, Peyghambarian, and Gibbs (1985) also

consider local field effects on the biexciton system.

They rule out the

possibility of a bistable reflectivity due to the LFC, as claimed by
Abram and Maruani (1982), and conclude that local field effects are
either unimportant or not valid for biexcitons in CuCl.
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Prediction of Picosecond Switching Times
In solids it is sometimes difficult to distinguish between Raman
scattering, a coherent process, and fluorescence, an incoherent process.
However, they are fundamentally quite different, and it is their relative
relaxation times that allows one to discern

bet~een

them:

Raman

processes respond in a transverse relaxation time '" 10- 12 s, and
fluorescence decays in a longitudinal relaxation time", 10- 9 s.
In 1981 Hanamura used a density-matrix formalism for a threelevel system (ground state, exciton, and biexciton) to investigate the
transient response of an optical bistable system.

He determined that

the dispersive part of the third-order susceptibility x(3) has two
contributions:
processes.

one due to coherent processes and one due to incoherent

The incoherent processes are due to real transitions which

decay slowly on the longitudinal time scale, whereas the coherent
processes are due to virtual two-photon transitions and relax on the
much shorter transverse time scale.
In GaAs, for example, it is the former processes that dominate.
Recall

that the dispersive nonlinearity is brought about by the

saturation of really excited excitons.

So although switch-on may be

accomplished quite rapidly (basically limited by the cavity build-up
time), the switch-off cannot occur any faster than it takes the real
excitation to decay.

In CuCI the exciton and biexciton lifetimes have

been measured to be anywhere from 300ps to 3ns (Gale and Mysyrowicz,
1975; Ojima et al., 1978a; Levy,

~onerlage,

and Grun, 1979).
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However, Hanamura has shown that for pulsed excitation that is
far enough off resonance, coherent processes can be made to dominate
over incoherent two-step processes.

In this regime the decay time of

the virtual excitation scales approximately as

the inverse of

frequency detuning, and hence can be subpicosecond.

the

Theoretically this

holds for all detunings less than the biexciton binding energy:

(47)

Le. =351\ on either side of the TPA resonance.
picosecond pulse incident on a
reflectivities

of

R = 0.9,

it

In this regime using a

I-J,Im-thick CuCI etalon with mirror
is

theoretically possible

to achieve

subpicosecond switching (on and off) with only '" 10 fJ of energy and
'" 1 MW/cm 2 incident intensity.
In summary,
intensities

the

virtual

formation

of

biexcitons

(large polariton or biexciton densities)

renormalization of the polariton spectrum.

leads

at
to

high
the

This introduces a self-

energy term into the expression for E:( w), which is dependent on the
polariton density, and hence on the intracavity intensity.

If

the

incident laser is tuned through the biexciton resonance, the exciting
polaritons are subject to this renormalization effect, and the system
may become bistable if sufficient feedback is provjded.

For a detuning

1/2 (Exx - oWL) '" 1 meV, only virtually excited biexcitons are created,
and the switching times are'" 1 ps.

For this reason, CuCI is a promising

candidate for bistability, in spite of the short wavelength and low
temperatures required.

CHAPTER 6
GENERAL DESCRIPTION OF CuCI EXPERIMENTS
The basic layout of the CuCI experiments is shown in Fig. 6.1.

A

detailed description of the apparatus follows a discussion of the
methods of sample preparation.
CuCI Crystal Growth and Etalon Fabrication
Very pure and stoichiometric crystals of CuCI were grown by the
procedure first suggested by Batlogg, Remeika, and Jayaraman (1980).

The

direct reaction of ultrapure copper metal and CCI .. in a sealed and
evacuated quartz. tube in a Lindberg Sola-basis tube furnace yielded
single CuCI crystals by the reaction 4 Cu + eCI ..

+

4 CuCI + C.

The

carbon byproduct could be kept mechanically separated from the CuCI,
although this slowed down the reaction considerably and was generally
not necessary.
samples

Three different methods were used to obtain thin CuCI

(~1

to 50

(1)

Thin crystal flakes were grown in a sealed quartz tube

~m)

from the bulk crystal:

wrapped with a nichrome wire heating coil around the outside center,
under

~

1/4 to 1/2 atmosphere pressure of hydrogen gas (Goto, Takahashi,

and Ueta, 1968).

Thecrystal was placed at the center of the horizontal

tube and melted so that some of the liquid extended beyond the heating
coil; it was then solidified.

The melt was reheated and the temperature

at the center was kept : : 480°C, i.e., lOoC above the melting point.
88

89

AA@
osc

.AA0
OUT IN

SPEC

Fig. 6.1.

Schematic of Apparatus Used in CuCl Experiments.
OT, oscilloscope trigger; ST, streak camera trigger; TEL,
telescopes; PBS, polarization beamsplitter; TV, TV cameras; D,
input and output detector; FP, Fabry-Perot; SPEC,
spectrometer; PDA, photodiode array; OMA, optical multichannel
analyzer; XY, x-y recorder; STREAK, streak camera; ADD, adder;
BOX, boxcar; IN, input signal; OUT, output signal; LUM,
luminescence signal; P, pinhole.

90
After several hours, vertical crys tal line flakes of 20-llm to 1-mm
thickness had formed on the cooler, solid portions beyond the nichrome
wire.

Although some of the flakes were thin, single and relatively flat

crystals (fringes seen under a uv microscope), the yield of this method
was very low, as most of the flakes were large, ragged structures.
(However, we were able to observe optical limiting action in one of
these flat samples.)
(2) Pieces of the bulk crystal were mechanically polished (by
R. Sumner) down to 20 to 100 llm using silicon oil polishing fluid.
polished crystals showed

~30

These

to 40 fringes over a O.S-cm-diameter area.

The polishing obviously induced stresses in the crystal structure, as
some of the samples were quite warped and exhibited many surf ace
scratches.
(3) CuCI thin films were grown using a CVC evaporation system.
The CuCI bulk crystals were evaporated in molybdenum or tantalum boats
onto fused silica substrates mounted on a copper heating block, whose
temperature was monitored with a chromel-alumel thermocouple.

The

evaporation took place after the substrates were warmed to 120°C, in a
vacuum of 2 to 5
pump).

X

10-1 torr (obtained by mechanical-backed diffusion

The crystal thickness and deposition rate could be precisely

controlled by using a crystal-oscillator thin-film thickness monitor; the
evaporation typically took several hours at a deposition rate of 10 to
20 Nsecond.

The film was then annealed at 120°C for one hour and

cooled to room temperature at a rate of

~

20°C/hour.

thicknesses were measured using a Dektak profilometer.

The film
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The films produced in this way were by far the flattest samples.
However, films greater than 1 to 2 urn in thickness consistently became
cloudier as the evaporation proceeded (pure CuCI is colorless and water
clear).

Contamination of the bulk crystal was ruled out by observing

its "clean" luminescence spectrum.

It is likely that the diffusion pump

CVC system produced an inadequate vacuum and introduced enough
contaminants (e.g., pump oil) so that the optical absorption of the
impurities became significant for films greater than 2-um thick.

It is

also possible, although less likely, that the size of the crystallites in
the film became large enough at 2-11m film thickness to scat ter a
significant amount of light, making the films appear milky.
CuCI is extremely hygroscopic, so care was taken to avoid
exposing the films to atmospheric humidity for long periods.

However,

the films inevitably degraded in quality over several months.
Nonlinear Fabry-Perot etalons were constructed by evaporating
2-um CuCI films, for example, onto 0.15-mm-thick or I-mm-thick quartz
substrates previously coated with high-reflectivity dielectric mirrors
(R = 0.9 at 389 nm).

Two such mirror/films were "sandwiched" to form a

4-um etalon and were placed between two sets of copper retainers held
together by three screws.

The screws were adjusted until good

interference fringes could be seen under a fluorescent light, indicating
that the mirror/films were relatively flat and parallel.

(However,

there was sometimes an air gap of up to 4 to 5 urn between the films.)
The entire assembly was then mounted on the cold finger of a liquidhelium cryos ta t.
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Nitrogen-Pumped Dye Laser System
The pump laser was a Molectron model UV-400 pulsed nitrogen
laser with 400-kW peak power, which provided pulses of 4-ns duration at
repetition rates up to 60 Hz.
~

A cylindrical lens of focal length

15 cm focused the nitrogen laser beam onto a Molectron model 234650

flowing dye cell.

The dye laser was home-made (built by M. Rushford) of

the Hanna-type design (Hanna,

Karkkiiinen, and Wyatt,

1975),

with

dispersion provided by an intracavity prism and tuning by a 2500 g/mm
grating.

The usual end mirror was also replaced with a grating to

reduce the amplified spontaneous emission (ASE).
The dye solution consisted of
in

~

~

0.1 g Exciton BBQ dye dissolved

100 ml of spectrophotometric grade cyclohexane (C 6 H12 ).

(Exciton

recommends an ethanol/toluene mixture as the preferred solvent, but
C6 H12 was found to degrade less rapidly and reduce the problem of burn
spots on the dye cello)

The BBQ gain curve peaks very close to the

biexciton resonance (389 nm), so in order to reduce the ASE at this
wavelength, a small amount of BPBO dye was added to shift the ASE to
shorter wavelength.
power.

This resulted in a slight drop in the dye laser

(By adding a slight amount of a-NPO dye, it was also attempted

to shift the ASE to longer wavelengths to exactly coincide with the
389-nm lasing.

The lasing should then suppress the ASE, with an

accompanying rise in the laser output power.
did not vanish entirely.

This was true, but the ASE

Hence the BBQ/BPBO solution was used.)

The 4-n8 (FWHM) dye laser pulses had a bandwidth of

~

15 to

20 GHz (0.1 A linewidth), depending on the adjustment of the laser (see
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Fig. 6.2a).

The laser mode spacing was

~

1.5 to 1.8 GHz, so there were

typically eight to ten longitudinal modes oscillating simultaneously.
The mode structure was monitored with a 30-GHz free spectral range (FSR)
Fabry-Perot etalon (plate spacing

=5

mm) and Panasonic TV camera.

If

the dye laser was adjusted so that the mode structure was well defined,
an intracavity 5-mm-thick quartz etalon (R

= 0.9

on endface; FSR

=

20 GHz) could be inserted to isolate one to two longitudinal modes (see
Fig. 6.2b).

The advantage of running the laser single mode was that

mode beating in the output was eliminated (see Fig. 6.2c);

the

disadvantage was that the output power dropped by a factor of 10.

Any

off-axis ASE was blocked by putting an aperture in the far-field output
of the laser.
The pulse energy was measured with a Molectron model J3
pyroelectric joulemeter.
pulse energy was

~

Without the intracavity etalon the maximum

5 ).IJ at a 30-Hz repetition rate, and

~

20 \.IJ at a

5-Hz repetition rate (usual operation).
The dye laser spot was focused onto the sample with a 32-mm
focal length microscope objective (NA

=

0.10,

diffraction-limited spot diameter of 15 \.1m.

~

4X power), which gave a

However, the actual spot

size was probably closer to 20- to 25-).Im diameter due to focusing
through the dewar windows.

For the bistability experiments the pulse

energy was typically 1 to 2 \.IJ, corresponding to a maximum input
intensity of 80 to 160 MW/ cm 2 •
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Nitrogen-Pumped Dye Laser Characteristics.
(a) Hanna-type dye laser.
Laser alignment determines
bandwidth. (b) There are eight to ten longitudinal modes
within the bandwidth. The intracavity etalon allows only one
to two modes to oscillate. (c) Typical dye laser pulse time
profile with etalon (left), and without etalon, demonstrating
mode-beating (right). Full scale = 6.0 ns.
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Refrigeration System
Since very few biexcitons in CuCI are present above 80 K, the
sample must be cooled to liquid helium (LHe) temperatures.

An Air

Product Corporation liquid transfer cryostat system was used to provide
refrigeration down to 8 K by a controlled, continuous transfer of LHe.
An

Au-Fe vs chromel thermocouple monitored the sample temperature, and

an electrical heater within a feedback loop could stabilize the sample
at any desired temperature within

~

1 K.

The copper retainer holding the samplce was mounted on the tip
of the cryostat cold finger, using vacuum grease to ensure good thermal
contact.

Both the sample holder and the cold finger were enclosed in a

radiation shield (with holes for getting light in and out) so that
ambient radiation could not warm the sample.
evacuated to

~5 x

The dewar was then

10- 7 torr before LHe transfer was begun.

The assembly was mounted on an xy translation stage normal to
the input laser beam so that the input could be focused at any point on
the sample.

The light transmitted through the sample was beam-split

and one beam was imaged on a Craig 6106 TV camera.

Interference fringes

could then be observed to ensure that the laser beam was focused on a
flat region by using a Hg pen lamp to illuminate the sample.
Detection System
In the optical bistability experiments an Instrument Technology,
Inc. vacuum photodiode with a O.l-ns rise time was used to detect both
the input and output pulses.
been optically delayed by

=

The input pulse was detected after it had
16 ns, so that the detector output consisted
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of a time-resolved pulse pair.

This signal was then sent "backwards"

through an HP 1S104A adder; one output of the adder was connected
directly to the oscilloscope x axis and the other output was cabledelayed by '" 16 ns and connected to the y axis.

The oscilloscope

internal time delay was used to synchronize the signals exactly so that
the output vs input yielded a straight line in the absence of a sample.
The oscilloscope used was a Tektronix model 7104 with an
amplifier rise time of 0.6 ns; this was the limiting response time of the
system.

The x-axis input was also connected to a vertical amplifier so

that the time traces of the input and output signals as well as the
hysteresis loop (output vs input) could all be monitored simultaneously.
Streak Camera
Since the switching times in CuCI are predicted to be on the
order of picoseconds, a Hamamatsu streak camera system was used to
observe the time profiles of the bistability.

A streak camera is a

device that converts time information from a luminous event into spatial
information.

A schematic of the system is shown in Fig. 6.3.

The Temporal Disperser Model C979 is an ultra-high-speed timeresolving photometer, the key element of which is the streak tube HTVN89S.

A schematic diagram of streak tube operation is shown in Fig. 6.4.

Incident photons strike the photocathode of the streak tube, producing an
emission of electrons proportional to the incident light intensity.

The

electrons are then accelerated by a grid and are electrostatically swept
at a known rate over a known distance, thus converting temporal
information into spatial information.

The detected electron "image"
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Schematic Diagram of the Hamamatsu Streak Camera System.
(Schiller et al., 1980).
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Figure 6.4.

Schematic View of Streak Tube Operation.
(Schiller et al., 1980).
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impinges on a microchannel plate, which amplifies
electrons through secondary emission.

the number of

The secondary electrons released

at different times (corresponding to the arrival times of the incident
photoelectrons) strike a phosphor screen, causing it to emit light that
is imaged on the photocathode (S-20) of the intensifier stage of an SIT
vidicon camera (CI000-18).
The Temporal Analyzer Model C1098 is an automated data
acquisition and analysis system, incorporating a microcomputer and a TV
monitor.

The microcomputer converts the video signal from analog to

digital.

It integrates the signal at each of 256 time channels and

outputs a video intensity at each channel along the horizontal scan line
corresponding to that intensity (256 intensity levels).
thus displayed graphically on the TV monitor.

The output is

Two windows are provided

so that two signals can be looked at and stored in memory at once;
however, there are then only 128 channels per window.
The photoelectrons can be deflected across the phosphor screen
at four different speeds: 15, 7.5, 3.0, and 1.5 mm/ns.

These correspond

to full-scale displays on the TV monitor of 0.57, 1.27, 2.71, and
5.95 ns, respectively.

The corresponding trigger delays (time between

detection of the trigger signal and beginning of the deflection sweep)
are 10.6, 13.4, 15.9, and 19.6 ns.

Thus optical delays of 20 ns for both

the input and output laser pulses are necessary (see Fig. 6.1).

The

trigger signal is detected with the Pin Diode Head Cl083, and the Delay
Unit CI097 compensates for the change in delay that occurs when changing
streak speeds (as well as changes due to daily drifts of the delay).
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To record a data set consisting of an input and output pulse
pair, the Temporal Analyzer transfers the data to an IBM Personal
Computer, which displays the input and output time profiles, as well as
the corresponding hysteresis loop

(outpu~

vs input).

These can then be

printed out.
The maximum time resolution of this Hamamatsu streak camera
system is

~

10 ps.
Optical Multichannel Analyzer

To observe the fluorescence spectra of the CuCI samples, as
well as to determine precisely the laser wavelength, a Tracor Northern
TN-1710 Optical Multichannel Analyzer (OMA) was used.
is

considerably

more

powerful

than

that

using

photomultiplier tube/scanning monochromator methods.

OMA spectroscopy
conventional
First, the entire

spectral region of interest can be observed at once, rather than only
one spectral bandwidth at a time.

Second, much lower light levels can

be utilized, as the signal can be averaged over many scans of the
spectrum.

Third, data manipulation, such as subtraction of a background

signal, can be done virtually in real time.

For these reasons the OMA is

a powerful spectroscopic tool.
The fluorescent signal from the sample could be monitored either
in the 180 0 geometry (reflection) by using a polarization beamsplitter
(or a mirror with a hole in the center), or in the 0 0 geometry
(transmission) by using a 100% reflecting mirror (see Fig. 6.1).

The

luminescence was dispersed by a grating spectrometer of aO-cm focal
length and 1200-g/mm grating.

At the exit slit focal plane of the
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spectrometer was mounted a 1024-element photodiode array with a
microchannel plate image intensifier that is fiber optically coupled to
the detector system.

The OMA digitizes the detector signal and provides

a real-time display of the spectrum.
The grating spectrometer was used in second order, with a focal
plane dispersion of 7.9 A/mm.

= 0.225

This corresponds to an OMA dispersion of

A/channel at 389 nm, and a resolution of

~

0.8 A (four channels).

Of course the resolution degrades if the entrance slit is widened, but
typically the entrance slit was

~

20-~m

wide.

The output of the OMA

could be plotted on an xy recorder for permanent storage.
Boxcar Averager
To measure the threshold behavior of the CuCl lasing (see
Chapter 8) it was necessary to measure the dye laser input accurately.
To accomplish this, a PAR Model 162 Boxcar Averager was used, as such an
instrument is designed for measuring narrow, repetitive signals with poor
duty cycles.
The boxcar averager works by amplifying the input signal,
feeding it into a switch, and then outputting it to an RC exponential
averager.

The trigger is the same as the laser trigger pulse (i.e.,

oscilloscope trigger) and determines the time at which the switch is
closed.

The internal delay and gate closing duration can be selected; it

is important that the duration not be too long (or the entire pulse will
not be averaged) or too short (relative to the RC time constant of the
low-pass filter).

The signal is thus averaged over many repetitions,

while the noise is attenuated by the low-pass filter.

The value of the
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averaged intensity was read directly off the needle deflection on the
boxcar.

Lastly, Wratten neutral density filters were inserted in the

beam to provide controlled amounts of attenuation.

CHAPTER 7
EXPERIMENTAL RESULTS: OPTICAL BISTABILITY
IN CuCI ETALONS
In this chapter we present the first reported observation of
optical limiting action and bistability in thin Cuel etalons.

The first

half of the work was done without the use of the streak camera and OMA,
so highly resolved spectral and temporal measurements were not
possible.

These results are presented first.

In the second half of the

work, attempts were made to measure the switching times in Cuel as a
function of laser detuning from the biexciton resonance, using the OMA
and streak camera system.
observed.

Fast switching times «350 ps) were not

However, a "pulse sharpening" behavior near the biexciton

resonance indicates a significant nonlinearity even in very thin etalons.
Optical Limiting Action and Bistability
Figure 7.1 shows optical limiting action in a lO-llm-thick Cuel
etalon at 7 K.

Note the "clipped" output pulse relative to the input.

The 1-11J pulses were focused to a spot size of
peak input intensity was
lin

~

15 MW/ cm 1 •

~60

MW/cm 1 •

~25-11m

diameter, so the

The limiting action occurred for

A thermal origin for the nonlinearity was ruled out,

based on the short pulses used and the fact the limiting occurred only
in a small frequency range near the biexciton 'resonance (~3.186 eV =
3890 A at 7 K).

Changing the laser frequency by a fraction of a milli103
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Fig. 7.1.

Limiting Action in a

10-~m-Thick

CuCl Etalon.

Top: output vs input intensity. Bottom: input pulse (right)
and output pulse (left) vs time; 1 us/division.
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electron volt (AAL
tuning toward
limiting; if

~

1 A) caused the limiting action to disappear.

Also,

the exciton resonance (",3870 A) did not recover the
the nonlinearity were

thermal,

the greatly enhanced

absorption in the exciton region should have created larger heating
effects.
Limiting action occurs because the laser is tuned on the wrong
side (for bistability) of the Fabry-Perot peak so that as the index
increases (n 2

> 0)

the Fabry-Perot peak shifts farther from the laser

(recall Fig. 3.5 in Chapter 3).

There is a balance between the

increasing laser intensity and the decreasing transmission, with the net
result that

the etalon output stays constant.

Tuning the laser

frequency to the other side of the Fabry-Perot peak should result in
bistability, but this was not observed in this sample.

This particular

CuCl film was noticeably cloudy, so it is possible that an increased
background absorption degraded the finesse and precluded the observation
of bistability.
We were also able to obtain limiting action in a CuCl "flake"
crystal sandwiched between dielectric mirrors.
Figures 7.2 and 7.3 show optical bistability in a 12-11m-thick
etalon at 14 K with a switch-on intensity of about 10 MW/cm 2 •
operating frequency corresponded to about 3.1867 eV, or 3889 A.

The
As

discussed in Chapter 5, the TPA resonance, which is 3.1861 eV at 4 K,
shifts to higher energies at higher temperatures.
approximate law

It follows the
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flT[K]

10(flE[ meV])O.69

(48)

In the sequence of photos of Fig. 7.2a-c, the laser frequency is

changed by only a fraction of a milli-electron volt.

Although in

general it was easy to see hysteresis over a wide range around the TPA
("bubble" loops), a clear switch-on was observed only in a very narrow
frequency range (Fig. 7.2b).

This is consistent with the computer

simulations described in the last chapter.

Detuning the laser by a

slight amount to lower frequency (thereby moving it farther from the
Fabry-Perot peak) caused the switch-on to occur at higher intensity;
detuning it further by a fraction of a milli-electron volt resulted in
the disappearance of bistability, consistent with dispersive optical
bistability (recall the discussion in Chapter 3).

The switch-off is not

resolved in Fig. 7.2b as the input dye-laser pulse falls too steeply and
is detection-limited by the oscilloscope rise time; hence the output
appears to follow the input.
Similar bistable behavior was observed when the laser frequency
was held fixed and the Fabry-Perot-laser detuning was varied by moving
across the sample to regions of differing thicknesses.

(The sign and

approximate magnitude of the detuning could be determined easily by
simultaneous observation of the sample Fabry-Perot fringes and laser
spot on the TV monitor.)

The Fabry-Perot peak transmission frequency

was located on the high-energy side of the laser frequency and both were
on the low-energy side of the biexciton resonance, i.e., "L

< "FP < "TPA'

This is consistent with dispersive biexcitonic bistability as the index
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(a)

(b)

(c)

Fig. 7.2.

Switch-On in a

12-~-Thick

CuCl Etalon.

The laser frequency is gradually changed by a fraction of a
milli-electronvolt in (a)-(c); only (b) shows switch-on. Each
photo shows hysteresis loop, output pulse (center) and input
pulse (right). Time scale: 5 us/division.
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increases with increasing intensity on the low-energy side of the
biexciton resonance (for n2

> 0;

see Fig. 5.9b).

When the dye laser was adjusted so that the input pulse fell
less steeply, a clear switch-off was observed as shown in Fig. 7.3.

(In

this case the leading edge of the pulse rises too steeply to be
resolved, and no clear switch-up is seen.)

To ensure that the detection

system was not introducing any undesired hysteresis, it was verified that
the output vs input yielded a straight line when the sample was removed
(Fig. 7.4).
It should be noted that almost simultaneously with our work,
Levy et a1. also reported seeing optical bistabi1ity in CuCl at 1.9 K and
78 K (Levy et a1., 1983; Honerlage, Bigot, and Levy, 1984).

Their

hysteresis loops exhibit no clear switching (similar to our "bubble"
loops), although they are confined to a small frequency range around the
TPA.

By a detailed comparison of the input and output pulses, Levy et

ale claim to have observed switching times less than 500 ps (detectorlimited).

Their arguments are not thoroughly convincing, however, which

emphasizes the need for a faster detection system to permit a study of
switching times as a function of detuning and hopefully produce more
nearly steady-state hysteresis loops.
Observation of "Pulse Sharpening" Behavior
With the use of the OMA and streak

camer~

systems, we were able

to perform spectrally and temporally-resolved measurements on the CuCl
etalons.
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Fig. 7.3.

Switch-Off in a

12-~-Thick

CuCl Etalon.

Left: output vs input; center: output pulse; right: input
pulse. Time scale: 5 ns/division.

Fig. 7.4.

No Hysteresis is Observed in the Absence of a Sample.
Left: output vs input; center: output pulse; right: input
pulse. Time scale: 5 ns/division.
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It was important to determine the Fabry-Perot characteristics of
the samples, since a poor finesse could explain the difficulty in
observing bistability.

Figure 7.5a shows an OMA trace of Fabry-Perot

peaks in the vicinity of the TPA for a 2.0-11m etalon, observed by
monitoring the fluorescence in the forward geometry under broadband ASE
illumination.

Note that the free spectral range (FSR) decreases toward

shorter wavelengths.

This is because the dispersionless FSR, given by

AZ/2nd, does not take into account the variation of n with A.

The proper

expression is

(49)

FSR

however,

~n/~A

is by no means constant near the TPA due to the exciton

tail and sharp biexciton resonance contributions to the index.
TPA the FSR '" 5 to 10 A, and the finesse $':c 5.

Near the

The dispersionless FSR

in the vicinity of 4000 A is shown in Fig. 7.5b for a 7,S-llm etalon; it is
measured to be FSR

:<

42 A, in agreement with that predicted by the

simple A2/2nd expression.

In teres tingly,

exhibited a dispersionless FSR

:<

the

2.0-lIm sample also

40 A, in contrast with the predicted

150 A, indicating a significant air gap in this etalon.

All the samples

looked at had a finesse of no better than $' '" 5 to 7, marginal for good
Fabry-Perot performance.
A very interesting "pulse sharpening" behavior was observed in
the 2.0-lIm etalon at 15 K when the laser was detuned by about 1/4 FSR
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Fig. 7.5.

OMA Traces of the Fabry-Perot Peaks in CuCl Etalons.
(a) Indicated features are Fabry-Perot peaks near the TPA
resonance (other features are krypton reference lines) in a
2.0-),lm etalon.
(b) Fabry-Perot peaks far from the TPA
resonance in a 7.8-),lm etalon.
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to the long-wavelength side of the Fabry-Perot peak, in three different
wavelength regions: ).L

=

3900 A (corresponding to the bound exciton), ).L

'" 3885 A ('" TPA), and ).L = 3880 A..

At all these wavelengths, a backward

"bubble" loop bel,lavior was seen, with the peak transmission at the bound
exciton being three and eight times higher than that at 3885 A and
3880 A, respectively.

The streak camera trace for a 10-shot integration

with ).L ::: 3900 A is shown in Fig. 7 ••
6
virtually identical, but noisier.)

(The one-shot trace looks

The rise and fall times of the input

pulse were '" 0.7 and 1.5 ns, respectively, and that of the output 0.35
and 0.45 ns, so that a significant pulse compression occurred.
the fastest behavior seen in any of the samples.

This was

A backward loop is

typically an indication of thermal effects coming into play, which seems
unlikely with a total pulse duration of only 6 ns and modest input
powers.

However, this is consistent with the fact that after the laser

had remained on one spot for a time, it was necessary to move the
sample to regain the peak pulse sharpening behavior.
It was also possible to observe very clean limiting behavior in
the 2.0-llm etalon with ).L tuned to the TPA, as shown in Fig. 7.7.

It was

hoped that switching times could be measured from the limiting action,
even if bistability could not be obtained.

However, as the streak camera

traces show, the output pulse is actually broadened in time relative to
the input.

The sample was allowed to warm up, and it was possible to

"follow" the limiting by tuning AL Lin accordance with Eq. (48)] until it
disappeared at T '" 80 K.
biexcitonic nonlinearity.

Thus the limiting action is clearly due to the
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Fig. 7.6.

Ten-Shot Integration Streak Camera Trace Exhibiting "Pulse
Sharpening" Behavior in a 2.0-\.Im CuCl Etalon.
(a) Output pulse, and (b) input pulse (full scale, 6 ns). (c)
Plot of output vs input, exhibiting backward loop.
:\L
3900 A; T = 15 K.
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Limiting Action in a 2.0-lJlil Etalon Showing Broadening of
Output Pulse.
(a) Oscilloscope pho.to with output pulse on left and input
pulse on right. Time scale: 5 ns / division. (b) Streak camera
traces with output pulse at top and input pulse at bottom ;
100-shot integration. XL = 3877 A; T = 53 K.
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It is not clear why bistability could not be seen in this etalon.
However, it should be emphasized that the unsaturable background
absorption plays a deterministic role in any type of optical bistable
system, whether the origin of the nonlinearity is excitonic, biexcitonic,
or band filling.

The background absorption lowers the finesse of the

cavity, thereby destroying the feedback, and brings about a higher
switching intensity requirement.

In the case of biexcitons in CuCl, the

exciton tail acts like an unsaturable background absorption at the
biexciton resonance, causing the switching intensity to be about
10 MW/cm 2 , two orders of magnitude larger than that in the absence of
any background absorption.

Also, the broadening of the biexciton

resonance with intensity forces the operating point to move further offresonance because of the increase in absorption.

This lowers the

nonlinearity (producing a smaller phase shift) and causes the calculated
bistability to disappear for a 1-lJm-thick sample, in contrast with
predictions that ignore this effect.

To increase the nonlinearity,

thicker samples (=10 lJm) must be used.
In summary, bistability with detection-limited switching times of
600 ps was seen in a 12-lJm-thick CuCl etalon with ). L tuned to the
biexciton resonance.
destroyed.)

(This sample was subsequently inadvertently

When the temporal characteristics were observed with a

10-ps resolution streak camera, no nonlinear behavior faster than 350 ps
was obtained in 2.0-, 7.8-, or 10.6-lJm etalons, although this was not
under conditions of bistability.

It is likely that the thicker samples

suffered from too much background absorption, while the thinner samples
were too short to obtain bistability.

CHAPTER 8
FLUORESCENCE, RAt1AN SCATTERING, AND OBSERVATION
OF LASING IN CuCl ETALONS
Observation of the fluorescence spectrum in a solid in the
vicinity of absorption resonances can provide important information about
band parameters, carriers, and the band structure.

In CuCl, the energy

distribution of emitted photons under direct or indirect biexciton
excitation is closely related to the momentum distribution of biexcitons.
Thus fluorescence studies can reveal directly the details of the
relaxation mechanisms and the exciton-biexciton dynamics.

In

this

chapter we review the information that has been obtained from past
studies of fluorescence and Raman emission in CuCl, and discuss the
observation of stimulated emission in thin CuCl crystals and films.

We

then present our own results of fluorescence and Raman scattering
experiments in CuCl, and finally report

the first observation of

sustained lasing action in a CuCl etalon.
Previous Fluorescence Studies and Observation of
Stimulated Emission in CuCl
One of the most prominent features in the CuCl fluorescence
spectrum under band-to-band excitation is a double-peaked structure at
about 3870

A,

Koda, 1974a).

attributable to the Zl free-exciton emission (Suga and
The separation of the peaks (= S.O meV) is almost equal to
J.l6
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the longitudinal-transverse splitting of the Z3-exciton (LILT

=

5.4 meV).

Thus the observed luminescence confirms the effects of the polariton
dispersion on the band structure, as discussed in Chapter 5.

The low-

energy component of the doublet arises from the radiative decay of
polaritons not in thermal equilibrium with the lattice as they are
scattered down along the LP branch, and the high-energy component arises
from nearly thermalized polaritons around the bottom of the UP branch
(see Fig. 5.5).
Another striking feature in the emission spectrum is a pair of
bands designated ML and MT, arising from the only allowed transitions
involving the exciton and biexciton states, as discussed previously.

The

observation of this emission provided some of the first direct evidence
for the existence of excitonic molecules in CuCl (Mysyrowicz et ale,

1968; Souma et al., 1970).
occur from the J

= 0

One might expect that luminescence should

biexciton level (XX) to both the UP and LP levels,

as well as the longitudinal exciton (LE), since all involve the r 5 (J = 1)
exciton.

However, under exciton-band excitation, most of the optically

generated biexcitons are populated at large k-vectors, where the density
of states for the UP branch is considerably smaller than that for the LP
and LE levels.

Thus one sees only two peaks in the XX

spectrum:

XX (r I t J=O) +

LE (r Lp

XX (rlt J=O) +

LE (r p

T

J=l)

J=l)

+

X luminescence
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Also, the MT - ML splitting becomes equal to

~LT

at large k, confirming

the interpretation of the MT and ML bands as those due to the radiative
decay of biexcitons.
Recall that under exciton-band excitation, "hot" biexcitons are
created that thermalize rather slowly by means of acoustic phonon
emission.

(The acoustic phonon emission rate is slow as it is dependent

on the acoustic density of states, which is proportional to E1, and is
hence small at low energies.)

Since the collision time for biexcitons is

much shorter than the radiative lifetime (as determined from picosecond
luminescence studies, to be discussed shortly), the biexcitons can have a
thermal distribution at an effective temperature
than the lattice temperature (",4 K).

("'~5

K) much higher

At low input intensities the bands

are experimentally observed to fit the Maxwellian distribution as given
by Eq. (31), with E measured toward the long-wavelength side of the band
(Souma et al., 1970; Nagasawa et al., 1975).

The ratio of ML to MT

intensities is on the order of 2:1 due to the two-fold degeneracy of the
transverse exciton.

However, at high input intensity the ML band

becomes stronger than MT, and at very high intensities only ML remains.
After the prediction of Hanamura (1973) it was realized that
biexcitons could be directly created by giant two-photon absorption.

The

luminescent decay at low incident intensities from these resonantly
created biexcitons resembles that of the indirectly generated biexcitons,
as described above.

But as the laser intensity is increased, two sharp

features, deSignated NT and NL, appear on the high-energy sides of the
broad bands MT and ML, at about 3910 A and 3917.5 A, respectively
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(T = 4.2 K).

Thus in the case of resonant

two-photon excitation,

biexcitons are directly created in a narrow range of dispersion around k

= 2k o, Where ko is the incident polariton wave vector.

This explains the

sharpness of the features, as the exciton and biexciton dispersion are
small at low energies and wave vectors.
Since the spectral width of the TPA band is narrow (' 0.2 A;
Ojima et al., 1977a;

Peyghambarian, 1982), one might anticipate that the

effective temperature of the directly created biexcitons is less than
the lattice temperature, if the thermal relaxation time is longer than
the radiative lifetime of the biexcitons.
good argument for this case.

Ojima et al. (l977a) make a

If the biexcitons are in quasi-thermal

equilibrium and obey the Maxwell-Boltzmann distribution as given by Eq.
(32), then biexcitons with E = 1/2 kT should contribute to the spectral
peaks of the luminescence and ).(NL) - ).(NT) should be = 6LT, as the
transverse excitons left behind after the radiative decay have large
wave vectors so that the polariton dispersion is negligible.

However, if

the biexcitons remain "cold" with little change in E,k compared to the
exciting photons, ).(NL> -

).(NT) should be

>

6LT, as the polariton

dispersion is significant in the bottleneck region.

It is experimentally

observed that the energy separation between NL and NT is larger than
6LT, indicating that biexcitons directly created by TPA remain cold at k

= 2ko

until they are radiatively annihilated.
It is well known that stimulated emission processes in addition

to absorption can significantly affect the fluorescence spectrum at high
excitations.

Shaklee, Leheny, and Nahory (1971) were the first

to
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observe

stimulated

biexciton

recombination.

They

studied

the

luminescence intensity I in CuCl crystals under TPA in the direction
perpendicular to the laser excitation, and found that I had a superlinear
dependence on the excitation length
spot size).

~

(1

was determined by the laser

That is, I had a dependence on 1 of the form

l

(50)

Is

where Is is the spontaneous luminescence intensity and g is the net
optical gain (i.e., gain-loss).
(exponential if g1

> 1)

with a measured gain '"

A superl1near dependence of I on 1

thus confirmed stimulated emission near 3917 A,
10~

cm-1 for 20 MW/cm2 incident intensity.

(This

is more than twice as large as in GaAs under similar conditions.)
Ojima et ale (1976) used picosecond laser excitation to further
investigate the behavior of the biexciton luminescence.

They determined

that the biexciton formation time is

~

10 ps (their time resolution) and

the radiative lifetime is = 300 ps.

When the NL luminescence is observed

parallel to the excited sample surface, the intensity grows nearly
exponentially after the excitation and then narrows spectrally in time
as it decays, indicating that the luminescence is strongly influenced by
stimulated emission.

The observation that the NT luminescence is larger

at low intensities, while only the stimulated emission of NL is observed
at high intensities, is attributed to a large small-signal gain for NT
which saturates readily.

Thus under unsaturated gain conditions, the
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gain coefficient for NT is much larger than that for NL'

However, the

gain coefficient for NT saturates much more readily than that for NL'
This can be explained by the rapid decay of longitudinal excitons to
transverse excitons by means of phonon emission; but phonon absorption
does not occur because of the large L-T splitting (l1LT '" 5.4 me V)
compared to kT «

1 meV).

Hence the population inversion is destroyed

and gain saturation results.
Furthermore, the spectral and temporal characteristics of the
luminescence strongly depend on the direction of observation (Ojima et
a1., 1977a; Ojima et al., 1977b, Peyghambarian et a1., 1983b), as shown in
Fig. 8.1.

Notice that in the backward geometry (Fig. 8.1a) the NL

component is virtually absent.

This is because the dipole moments of

the emitted photon and the longitudinal exciton are perpendicular in this
case, and the matrix element for NL emission vanishes.
true in the forward geometry.)

(This is also

Thus in the backward geometry only a

transition to the transverse exciton state with momentum k
allowed.

=

3k o is

In the forward geometry (Fig. 8.lc), the NT emission must be

coincident with the pump-laser energy (i.e., a two-photon re-emission) ,
and it is hence unobservable.

But in the perpendicular geometry both

decays NL and NT are allowed, leaving excitons behind with momentum k

15

=

ko (Fig. 8.1 b).

As discussed in Chapter 5, there is a fundamental difference
between Raman scattering, a two-step coherent process, and fluorescence,
a two-set incoherent process consisting of optical absorption followed
by subsequent emission.

If the secondary emission of two-photon excited
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(After Peyghambarian et
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biexcitons in CuCI is to be considered a Raman process, then the
biexcitons must decay immediately after they are formed without loss of
their coherence.
state.

In this case the biexciton is a virtual intermediate

However, if directly created biexcitons suffer destruction of

their coherence before they decay (due to, for example, dephasing
collisions

with

crystal

impurities,

phonons,

excitons,

biexcitons), then the emission is ascribed to luminescence.
the biexciton is really created.

other
In this case

As mentioned previously, one way to

distinguish between the processes is
relaxation time scales.

or

to investigate the relative

In fact, it can be shown that the relative

intensities of the Raman and luminescence components are given by

Tcoll
TR

(51)

where Teall is the collision time and TR is the radiative lifetime of the
biexcitons.
ps.

Ojima et ale (1978a) determined Teall '" 1 ps, and TR '" 300

Therefore, the Raman scattering is not expected to be significant

relative to the luminescence, unless the emission is strongly stimulated,
in which case TR can be shortened to the extent that it is comparable to
Tcoll'

However, since the Raman process (virtual excitation) occurs in a

time that scales as

~V-l

where

~V

is the detuning from the TPA (recall

the discussion in Chapter 5), for sufficiently large

~V

the decay time TR

can again be comparable to the dephasing collision time Tcoll'
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Another way to distinguish the two processes is to note that if
the emission is due to Raman scattering, the emission peak energy should
shift at twice the energy shift at the incident laser (as it is a twophoton process).

However, the luminescence emission peak should not

shift at all with laser detuning from the TPA (assuming the exciton and
biexciton levels are homogeneously broadened).

Such

2~v

shifts have

been observed for both the NT and NL emission, indicating that stimulated
Raman scattering is indeed occurring (Nagasawa, Mita, and Ueta, 1976a;
Nagasawa et ale 1976b; Duy Phach et al., 1978; Ojima et al., 1978b).

By

performing picosecond spectroscopy on the secondary emission, Ojima et
ale (1978b) and Masumoto, Shionoya, and Tanaka (1978) were able to
distinguish between Raman. scattering and luminescence processes.

They

concluded that the relative contributions of resonance Raman scattering
and luminescence depend on the excitation conditions.
It was also determined that stimulated emission has a large
effect on the sharp lines NL,NT due to the "cold" biexcitons, on the
broad bands ML,MT due to the "hot" biexcitons created by means of
exciton single-photon absorption, and on the two-photon resonant Raman
lines.

By observation of the saturation effect on the emission under

picosecond

pulse excitation,

Ojima et ale (l978b)

luminescence is the dominant contribution for
directly to the TPA).
based on the fact 'R
In summary,

~v

=

concluded

that

0 (i.e., laser tuned

This is consistent with the previous expectation

> 'colI.
biexcitons indirectly

cr~ated

by band-to-band

excitation can recombine by forming a photon-like polariton in the ·LP
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branch (observed) and either a longitudinal exciton or an exciton-like
polariton in the LP branch (left behind in the crystal).

This process

gives rise to the two luminescence bands of the "hot" biexcitons. ML and
MT.

Under resonant TPA excitation, biexcitons are created directly at k

'" 2k o•

The radiative recombination of these "cold" biexcitons produces

strong emission lines NT,NL at the high-energy side of the MT,ML bands.
If the laser detuning from the TPA is ll" :/= 0, virtual biexcitons are

created whose decay produces resonant Raman lines RT.RL that shift in
frequency by 211v.

Stimulated emission has a significant effect on the

obseLved luminescence in the direction perpendicular to the laser
excitation (parallel to the crystal surface).
Fluorescence Spectra and Raman Scattering
in CuCl Crystals and Films
In the following experiments the quality of various CuCl samples

was evaluated by monitoring the fluorescence in both the forward and
backward geometry, in the manner discussed in Chapter 6.
The fluorescence from a

1.0-~m

evaporated CuCl film observed in

the backward geometry displayed the NT ('" 3910 A) and NL ('" 3917 A)
emission features, as shown in Fig. 8.2.

This was the only noticeable

fluorescence feature except for the large ML band when the laser was
tuned to the exciton resonance (AL '" 3870 A).

The NT,NL emission was

observed only when the laser was tuned exactly to the TPA and only when
the input focusing onto the sample was optimum.

Another very

interesting aspect of the emission is the relative broadness of the NT,NL
emission compared to that of Fig. 8.la.

A possible mechanism for this
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broadening will be discussed shortly.

As indicated above, when AL '"

3854 A (within the Z, exciton absorption), the broad ML band was present
at '" 3917

A in both the forward and backward geometries.

However, the

intensity of the ML band was considerably less in the backward geometry,
which may indicate that the collection efficiency was reduced in this
configuration.
(The presence of the "forbidden" NL emission in the backward
geometry probably indicates that the sample was not aligned exactly
perpendicularly to the input laser beam.

It may also be possible that

the NL emission is scattered into the backward direction by "thin cracks
in the film, for example; or perhaps the usual selection rules break
down at high biexciton densities (Peyghambarian et a!., 1983a).)
The next step was to compare the luminescence of the bulk
crystal to that of the films.

A piece of "home-grown" single crystal

was used, with no particular care being taken to provide a plane face to
the incident laser beam.

An

extremely large NT emission was easily

observable under TPA excitation, as shown in Fig. 8.3 for two different
spots on the crystal.
3905 to 3928 A (AL

The emission tuned over a large range, from '"

= 3888

to 3899 A) according to 2avL, again indicating

a Raman scattering process.

The only other emission feature observable

was the small ML band at '" 3918 A which did not tune and was typically
~65

times less intense than NT (this varied from spot to spot on the

sample).

The appearance of the Raman component seemed to quench the ML

band somewhat, but even under exciton excitation the ML band was very
small.

Figt\re 8.4 shows how the Raman emission tunes with pump laser
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excitation.

The reason that the Raman emission is not observed for

excitation above the TPA resonance has been attributed to re-absorption
by excitons formed by the above-resonance laser pumping (Kushida, 1979).
A piece of polished crystal was also observed for emission in
the backward geometry.

The fluorescence was similar to that seen in the

bulk crystal, but more laser power was required to see a comparable
signal.

Pumping harder increased the signal, but also broadened the

emission significantly (both NT and NL components).

The Raman component

again tuned as 2A"L; however, the maximum emission (at = 3911 A)
occurred for 1.L = 3886.7 A, well detuned from the TPA peak.
likely indicates a strain-induced deformation potential

This most
that has

perturbed the band structure, brought about by the mechanical stresses
of the poliShing process as discussed earlier in Chapter 6.

This is

consistent with the additional observation that the exciton excitation
resonance was broad in the polished crystal (the ML emission was
pronounced for A L

=

3850 to 3890 A, about twice the usual exciton

width); the induced strain has apparently inhomogeneously broadened the
exciton resonance.
Lastly, the 1.0jJ m film discussed previously was re-examined
after it had been exposed to atmospheric humidity for some time.

The

fluorescence spectrum in the backward geometry is shown in Fig. 8.5.
Note that under TPA excitation, the NT emission was now small, and the
ML band was large.

(The 3927 A feature in Fig. 8.5a may again be due to

excitons bound at impurity sites.)

It was difficult to see the NT

emission; it was necessary to focus tightly, and often the signal was
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3922.2
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'-------------~
Fig. 8.5.

Fluorescence from a 1.O-lJIll CuCl Film Exposed to Atmospheric
Humidity for a Long Period.
Note the large ML emission due to exciton excitation in (c).
Clipped features indicate saturation of the OMA trace.
Backward geometry; T = 14 K.
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present only momentarily before a hole was burned in the sample.

Also

striking was the huge ML emission under exciton excitation (Fig. 8.Sc),
which was present for AL :: 3840 to 3890 A.
1.0-~m

It appears that in the "bad"

film the exciton resonance is pronounced and it is easy to create

large numbers of excitons which then collide to form biexcitons,
providing the ML emission.
difficult to excite.

However, the TPA biexciton resonance is very

This is in direct contrast to the situation in the

bulk crystal, where the ML emission due to indirect biexciton excitation
was tiny, and the TPA biexciton luminescence was huge.
Since the bulk crystals are evidently "pure," it is some property
of the films that enhances the production of excitons (and indirect
production of biexcitons) in detriment to the direct production of
biexcitons.

One possibility is the accumulation of impurities during the

evaporation process, as discussed previously.

Another possibility is the

presence of small crystalline islands on the film, formed during thermal
cycling due to differential
(Peyghambarian, 1982).
~m,

thermal contraction of

the substrate

These islands, which have dimensions :: 10 to 50

could easily have different resonant frequencies due to residual

strains and thus would inhomogeneously broaden the exciton resonance.
In any case, it is now clearer why only some of our thin-film
etalons have exhibited optical bistability.

Both the small number of

directly created biexcitons and the large background absorption at the
TPA due to the broadened exciton resonance will inhibit the observation
of optical bistability.
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Observation of Lasing in a Thin CuCl Etalon
As discussed in the first section of this chapter, stimulated
emission effects in the luminescence have been previously observed in
CuCl by exciting large spots on the crystal surface.

For large

excitation lengths the gain is sufficiently high that stimulted emission
can occur along the crystal surface.
sustained lasing action in a

However, we have actually observed

2.0~m-thick

CuCl etalon along the pump axis

within the cavity defined by the dielectric mirrors.
excitation spot size and

the presence of

The small

the mirrors defines

direction of maximum gain perpendicular to the mirrors.

the

The lasing

transition is coincident with the NL emission, and is observed equally
strongly in both the forward and backward geometries.
this

emission is

not

observed in an

uncoated

The fact that

1.0~m-thick

film

underscores the importance of the feedback provided by the mirrors.
The lasing wavelength depended on sample position, pump power,
temperature, and pump wavelength.

Due to the slight variation in

thickness of the CuCl film, it was possible to tune the lasing over
several angstroms by varying the sample position.

Increasing the pump

power did not result in the appearance of more than one longitudinal
mode; however, the lasing linewidth did broaden with increasing pump
power (see Fig. 8.6).

This broadening could be attributed to the

oscillation of many transverse modes under the gain curve, as the
Fresnel number was huge (.. 350).

(Of course, it could also be due to

the broadening of the ML emission with intensity; see Peyghambarian,
1982.)

At

higher

temperatures,

the

lasing

shifted

to

shorter
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2.0-~m CuCl Etalon.
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wavelengths, in accordance with Eq. (48); see Fig. 8.7.

The lasing

disappeared at about 120 K and 3870 A (although a broad feature was
observable up to nearly 140 K).
was determined to be
pinhole.

=

The far-field divergence of the lasing

2° FWHM by mapping the profile with a

200-~m

No lasing action was observed corresponding to the NT emission

due to the easily saturated gain of this transition (see last section).
In addition to the small solid angle of emission the presence of

a sharp threshold behavior indicated lasing action.
8.8 for the backward geometry.

This is shown in Fig.

Under direct TPA excitation, the lasing

action entirely disappeared below a threshold intensity.

When biexcitons

were indirectly created by exciton excitation (AL = 3865 AO), the lasing
still had a threshold behavior, as shown in Fig. 8.8b, but due to the
large exciton absorption there was background fluorescence present even
at very low pump powers.

A similar threshold behavior was observed for

lasing in the backward geometry, while no such threshold behavior was
observed for the fluorescence from the

1.0-~m

uncoated film.

Interestingly, the lasing produced by TPA excitation tuned with
pump wavelength, but according to 6vL rather than 26vL'

(The exciton-

excitation lasing of course tunes very little with AL, due to the
broadness of the exciton feature.)

This can be explained if the

resonance is inhomogeneously broadened (the origin of
discussed earlier).

which was

If the inhomogeneously brodened exciton band has a

width 6<11, the biexciton band will have a width 26w, since Exx = 2Ex EBxx, and EB xx is approximately constant at different temperatures (as
the TPA peak shifts by the same amount as the Z, exciton band with
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temperature; Itoh et a1., 1980).

Now if the laser shifts by Aw the

biexciton energy shifts by 2Aw, and the emitted light shifts by Aw, as
shown in Fig. 8.9.
The spectral profile of the lasing as the pump laser was tuned
is shown in Fig. 8.10.

For this particular spot on the sample, the

lasing was maximum at 3920.9 A P'L = 3894.5 A); as AL tuned to longer
wavelength the strength of the lasing emission gradually decreased and
disappeared at

~

3924 A.

No other emission features were present.

As

AL was tuned to shorter wavelengths the lasing peak tuned shorter in
tandem, until at AL '" 3891 A a second peak appeared at '" 3921 A.

This

second peak did not tune significantly, but grew in intensity and also
appeared to be lasing (Fig. 8.10c).

For further tuning of AL to shorter

wavelengths, the original lasing peak gradually disappeared, leaving
behind a broad emission feature only.
The streak camera was used to investigate the temporal profile
of the lasing.

Using a 1500 g/mm grating instead of a final mirror

before the entrance to the streak camera allowed both the pump laser
and the lasing profiles to be independently viewed.
behavior was discovered, as shown in Fig. 8.ll.

A very unusual

Note that the lasing

profile was significantly narrower than the input pump laser pulse in
the case of TPA excitation.
emission

and

the

It does indeed appear that both the "NL"

3922-A emission

were

lasing,

but

the

peculiar

observation is that the 3922-A emission occurred first in time (perhaps
delayed slightly from the onset of the pump pulse) and apparently
suppressed the NL emission until it was "finished" lasing.

Neither the
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clearly suppressed by the longer one (right-hand trace; only
the short-wavelength emission is imaged on the streak
camera). (b) The shorter-wavelength emission tunes with AL.
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(d) The lasing ac tion under exciton
excitation follows the input pump pulse closely. All streak
camera traces 0.6 ns full scale.
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origin of the temporally narrow

(~

0.5 ns) 3922-11.. emission nor the

mechanism by which it suppresses the NL lasing is understood.

Finally,

note that under exciton-excitation, the lasing profile was virtually
indiscernible from that of the input pump pulse.
up time

TC

Since the cavity build-

= 2nL/cT, where L = 2.0 ~m and T = 0.05, is approximately 0.7

ps, the "following" of the input pulse by the exciton-excitation emission
may indicate only stimulated emission, ratner than actual lasing action.

CHAPTER 9
CONCLUSIONS AND DIRECTIONS FOR FURTHER RESEARCH
In this work we have investigated various aspects of the optical
bistability in three different semiconductor materials:

ZnS and ZnSe (as

spacer layers in TIF's), GaAs (MQW structures), and CuCI (thin-film
etalons).

We have attempted to gain understanding of the physics of the

nonlinear mechanisms, as well as trying to characterize (and hopefully
optimize) the device parameters.
The results for ZnS and ZnSe are disappointing in that the
mechanism is apparently thermal.

However, more work is clearly needed

to determine whether production conditions of thin films can actually
affect carrier traps and their properties, such as trapping time,
lifetime, excitation energy, etc.

For example, in ZnS films, ZnO and

excess sulfur can collect at grain boundaries.

So for low packing

densities the large amount of surface area could collect ·many ZnO
molecules and thus significantly alter the number of trapping sites and
hence the nonlinearity.

In this sense poorer quality TIF's (in terms of

number of defects and impurities) may actually be better for optical
bistability.

Work is presently under way to investigate films produced

here at the Optical Sciences Center, and filters exhibiting "stable"
bistability have been obtained; but the mechanism still appears to be
thermal.

Although the switching times have been pushed down into the
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'" 10-)JS regime, optical bistabil1ty at the low intensities reported by
the Russians still has not been observed (Olbright et al., 1984).
It should be noted that to perform real-time, two-dimensional
image processing, ultrafast switching times are not necessary.

Thus

TIF's are still attractive candidates for such purposes, and ways of
producing TIF's with high uniformity over large areas should be
investigated.

(They are currently more uniform over large areas than

any other intrinsic bistable devices:

only a few nanometers variation in

peak wavelength across a 5-cm 2 filter.)

One can envision an array of

bistable devices with::: 10 6 spots on such a filter, with "beam-steering"
provided holographically, for example.

Assuming 10-mW input power per

spot and '" 25 % absorption, such a device could run cw with at most 100
W/cm 2 heat load.

However, one is still left with the requirement of

10-kW optical input power, and the problem of the removal of 2.5 kW of
heat energy.
If such closely spaced arrays of devices are to be contemplated
for use in applications such as image processing and phase modulating, it
is important to investigate the physics of the bistability in order to
determine how various parameters will affect the optical bistability.
The investigation of transverse effects in GaAs described in Chapter 4,
as well as studies of crosstalk (Tai, Moloney and Gibbs, 1982) and the
dynamics of the switching (Tai, Gibbs, and Moloney, 1982) are important
steps in this direction.
As for ultrafast switching applications, CuCl etalons are very
promising in this regard in spite of the inconvenient temperature and
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wavelength.

Although sub-nanosecond

demonstrated, it still remains

switching

times

have

been

to verify the predicted picosecond

switching times under TPA excitation.

It is clear that a better way of

obtaining thin films (or thin single crystals) of CuCI needs to be
investigated, without the attendant problems of high impurity levels,
large crystallite structures, or induced strains.
It is also interesting to note that if switching times

~

1 ps can

be obtained, a device with a wavelength in the material (A/no) would need
only several femtojoules of energy to switch.

This corresponds to only

a few thousand photons, a number close to the statistical limit (i.e.,
the minimum number of photons needed to avoid occasional failure of
switching due to statistical fluctuations; McCall and Gibbs, 1981).

Thus

both the physics of the CuCl nonlinearity and device possibilities
motivate continuing studies of the switching times as a function of
detuning.
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