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We observe and compare conditions for cw optical bistability in both thermal-vacuum-deposited and molecular-
beam grown ZnSe-based interference filters, at He-Ne-laser (633-nm), Kr (647-nm), and Ar-ion (514-nm) wave-
lengths. Bistability is observed at 514 and 647 nm and, by inference, should be observable at a number of
intervening wavelengths for a single molecular-beam-grown sample. From our theoretical analysis we also demon-
strate that observed drift instabilities in filter nonlinear responses correlate with the highest internal irradiance
levels.

INTRODUCTION

The prospect of fabricating optically bistable and transpha-
sor plates for optical array processing, spatial light modula-
tion, and displays has led to considerable recent interest in
multilayer dielectric nonlinear interference filters. Specifi-
cally, cw optical bistability has been investigated at Ar-ion
laser wavelengths, using narrow-bandpass filters that oper-
ate as high-finesse Fabry-Perot systems.', 2 Reports of
modulated-Ar experiments 34 and of dye-laser-pumped bi-
stability in filters have also been made.5

A theoretical study of the critical switching condition that
determines the characteristic irradiance or power level for
bistability6 led to predictions of optimum cavity parameters
for low-power switching. In the present paper we report
investigations of (1) filters produced entirely by thermal
vapor deposition in conventional high vacuum, with approx-
imately 500-nm-thick spacer regions, and (2) filters with
spacers of thickness up to 6.6 ,m, grown by the molecular-
beam (MB) technique in ultrahigh vacuum. The switching
power levels are shown to be consistent with theory. They
are low enough to permit use of a 30-mW cw He-Ne laser and
lead to predictions of stable, submilliwatt switching of 20-
,um spot-size beams in fully optimized samples. A compari-
son with Ar-ion results is made.

FILTER CONSTRUCTION

The thermally evaporated filters used consisted of ZnSe
spacers, two optical wavelengths thick, surrounded by high-
reflectivity stacks. Each stack consisted of four high-low
layer pairs, the high-index material being ZnSe and the low-
index ThF4 . The results described herein were achieved for
filters with a normal incidence transmission peak at 635 nm.
For the He-Ne 633-nm line, a low-power transmission maxi-
mum of 73% was achieved at an incident angle of 130. A
passive (linear) transmission analysis implies a ZnSe loss
coefficient of 110 cm-'. This result is consistent with the

wavelength dependence of the loss, as determined from a
number of filter and single thin-film samples. The thermal-
ly deposited ZnSe structure is far from single crystal, and
loss coefficients considerably higher than those in the bulk
material are obtained in the films in the band-tail spectral
region.

To produce samples with thicker spacers so that bistabili-
ty could be investigated over a range of wavelengths in a
single sample, a MB-deposited layer was grown between
reflective stacks each of two high-low thermally deposited
layers of ZnSe-ThF 4 . The MB evaporation was carried out
in an ultrahigh-vacuum system7 at pressures PT in the range
2 to 8 X 10-9 mbar. Residual gas analysis revealed the
dominant permanent gas species present to be H2 (partial
pressure of 0.9 7PT) with minority species CO (0.02 PT), Ar
(0.01PT), CH4 (0.00 4PT), and H2 0 (0.001PT). The ZnSe
films were deposited onto unheated substrates (30-40°C) at
growth rates in the range of 0.6-0.9 m per hour, from a
stoichiometric beam of Zn and Se2 molecular species. No
attempt was made to correct for inequality in the sticking
coefficients of the separate Zn and Se2 species. The molecu-
lar beam was generated from a single Knudsen cell source
containing ultrahigh-purity polycrystalline ZnSe that had
previously been prepared by chemical vapor deposition from
a mixture of Zn vapor and H2Se.8 Typical ZnSe source
temperatures were in the range 910-960°C.

Figure 1(b) shows the filter transmission over the 500-
800-nm range, for a sample of 6.6-,um spacer thickness, com-
pared with a thin-spacer case [Fig. 1(a)]. By using a small
wedge angle in the spacer, the MB filters could be translated
to bring one of the normal incidence transmission maxima to
the desired detuning from a given laser line, for diagnostic
purposes.

THERMAL CHARACTERIZATION

The temperature dependence of the ZnSe refractive index is
considered to be the dominant cause of nonlinear transmis-
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Fig. 1. (a) Transmission of narrow, bandpass filter with a 2X opti-
cally thick spacer and four high-low layers in each reflective stack.
(b) Transmission of a filter with a 6.6-gm MB-grown spacer and two
high-low layers per stack.

sion in the filters. The temperature dependence of the low-
power laser transmission was used to obtain a measure of the
thermo-optic coefficient n/OT for the material structure
that pertains in the thin films.

The linear filter transmission coefficient Tr has the form

T. = Tr (peak) (1 + F sin2 k)-', (1)

where the cavity finesse is rF112/2 and the round-trip phase
change in the spacer region is 2. The refractive-index
changes are of order 1% or lower in the bistability experi-
ments. T (peak) and F are effectively independent of tem-
perature over the range of interest. The variation of T is
dominated by that of the phase (T, 00) at temperature T
and incident angle 00. Both the spacer optical path length
and the phase change on reflection from the stacks must be
accounted for in O(T, 00).

Using the He-Ne laser itself, at low power level, the tem-
perature dependence of the irradiance angle at peak trans-
mission p gives a direct measure of n/OT. Under peak
conditions is constant (= Nr). A numerical calculation
gives the relative change in refractive index n/n corre-
sponding to the change in peak angle AGp, and hence we can
deduce On/OT.

From the experimental peak positions, we obtain, at 633
nm, n/OT = 2 X 10-4 K- 1 , using n = 2.47. By comparison,
at 514 nm the data of Ref. 2 give n/dT = 2.3 X 10-4 K- 1 (n =
2.72). This weak wavelength dependence is consistent with
the broad ZnSe band tail in the filter material.

633- AND 647-nm OPTICAL BISTABILITY
Figure 2 shows the transmitted versus incident power levels
for the thin-spacer filter at various sample orientations.
The orientation determines the initial detuning, the value of
0 at ambient temperature. For 00 less than 130, the 633-nm
line is initially on the short-wavelength side of the filter
transmission peak, and the thermally induced increase in
the ZnSe refractive index moves the peak to yet longer wave-
lengths with a corresponding decrease in the transmission
coefficient. For 0o greater than 130, Tr increases initially
until the filter peak is swept through the operational wave-
length. One achieves bistability for angles greater than
16.50.

For a laser spot size (l/e2 diameter) of 17 gm the critical
power level, below which bistability is not observed, is 22.5
mW. The switching contrast from 12% transmission to 50%
is a considerable improvement over that for 514-nm opera-
tion (which is typically from 10% transmission to 25%; see
Ref. 1. The results of Fig. 2 were obtained by irradiating
from the dielectric side; a slightly lower critical power (17
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Fig. 2. Nonlinear response characteristics for the thin filter [Fig.
1(a)] for incident angles of 11.50 (dashed-dotted curve), 14.50
(dashed curve), and 16.50 (solid curve).
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Fig. 3. Transmission and reflection optical bistability for the thin
filter for illumination from the substrate side.
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Fig. 4. Nonlinear response of 6.6-pm filter using He-Ne irradiation
for three sample positions (i.e., at differing detunings).
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Fig. 5. Bistability at 647 nm in the 6.6-pim filter, using a cw Kr
laser.

mW) and hysteretic loops of improved stability are obtained
by irradiation through the glass substrate (Fig. 3).

For the MB samples of spacer thicknesses 1.47-2.46 pm at
633 nm no optical nonlinearity was observed. For 4.3- and
6.6-pm spacers, however, one obtains strong nonlinearity, as
is depicted in Fig. 4. Hysteresis is almost achieved at 30
mW for the 6.6-pm sample, using the He-Ne laser. As a
consequence of these encouraging results, we obtained time
on a cw Kr laser at the Royal Signals and Radar Establish-
ment (R.S.R.E.), Malvern, United Kingdom. This system
has a potential cw power of 4 W; the output consists of two
lines at 647 and 676 nm in the power ratio of 4:1. The
nonlinear transmission results for the 6.6-pim samples are
shown in Fig. 5. Optical bistability is achieved at powers
above 75 mW (and above 90 mW in the 4.3-pm sample).
The figure is for a spot size of 40 pm; on reduction to 30 pm
the switch powers reduce to 55 and 80 mW, respectively, but
the hysteresis loops are less stable.

NONLINEAR FABRY-PEROT ANALYSIS

An explanation of the above results is obtained from the
considerations of Ref. 6. The form of the characteristic
power level for the onset of switching is (at normal inci-
dence)

p~ XaKsro f(RF, RB, aD) (2)

where X, is the radiation vacuum wavelength and K is the
substrate thermal conductivity; r is the spot radius.

The key to low-power operation lies in the cavity factor, fi

avD. This factor has a pronounced minimum, as a function
of aD, in the region aD = (2 -RF - RB). Here RF and RB
refer to the front and back stack reflectivities. For radiation
at an angle 0 in the spacer, D is to be replaced by D/cos in
expression (2) and the stack reflectivities calculated for the
appropriate angle. For the thin filter, RF - 0.96 and RB
0.94. The MB filters were fabricated for optimum stack
reflectivities at 510 nm. At 633 nm the calculated normal
incidence reflectivities are, respectively, 0.53 and 0.44. Fig-
ure 6 shows the cavity factors in P, for the above conditions.
Parameters appropriate to various filters are marked. One
sees clearly that a lower characteristic power level pertains
in the thin sample and that of the MB samples the thickest
should be the closest to optimum, in agreement with the
experiments. A figure of merit for the cavities is

x = (2-RF-RB)/aD.

In the high-finesse limit the minimum cavity factor occurs at
x =1 and has a value that is independent of RF, RB. For
nonoptimized cavities the switching power level will be in-
creased with respect to the optimum by an amount of order p
= (x + 2) 31/27x. Thus for the thin filter x 15.8 and p 13
and for the 6.6-pm sample x 22.0 and p 23.

To reduce the experimental switching power, it is evident
that either higher-reflectivity stacks should be used or
thicker spacers (or further reduction in beam spot size).

The dashed line in Fig. 6 corresponds to irradiation
through the glass substrate in the thin-spacer sample. The
slight improvement in this configuration is again in accord
with experimental finding.

TEMPERATURE AND IRRADIANCE
CONSIDERATIONS

Under 514-nm operating conditions, the temperature rise at
switch point is in excess of 50 K and indeed has been quoted
to be as high as 180 K. Now, the original purpose of using
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Fig. 6. The cavity factor f/aD in the critical power for bistability,
calculated for filters with M = 4 and two high-low layers in each
stack. The dashed line corresponds to irradiation from the substrate
side for M = 4. Circles refer to the 633-nm thin-spacer sample and
triangles to the various MB samples operated in the red spectral
region.
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Table 1. Switching Parameters for ZnSe-Based Nonlinear Ptalons
Sample Thin-Spacer Filters MB Filters Bulk ZnSe

Spacer length (,um) -0.4 -0.5 1.7 6.6 360
Wavelength (nm) 514 633 514 647 476
Spot-size (m) 30 17 30 40 70

i/e2 diameter

Cavity factor f/aD 3 50 4 100 7
Material factor 3.4 0.4 3.4 0.3 0.6

XaK/(an/8T7)

Predicted temperature 70 30 60 40 2
rise on switching (K)

Predicted internal 8 70 1.4 3 0.14
irradiance (kW cm- 2)

Observed stability Fairly unstable Very unstable Stable Stable Stable
(qualitative)

Predicted switching 15 17 20 60 16
power (mW)

Observed minimum 16 20 35 60 15
switch power (mW)

514-nm operation with ZnSe was to take advantage of the
proximity of the fundamental band gap both in providing
absorption and in enhancing the thermo-optic coefficient.
Using similar analyses to those at 633 nm, the absorption
coefficient at 514 nm is of the order of 103 cm-' and therefore
gives aD 0.04 in 400-nm spacer layers and near-optimum
conditions for filters with three high-low layer-pair stacks.
However, the high-temperature rise produced leads to a
movement of the band edge to longer wavelengths, and in-
stability with associated thermal runaway can occur. Fur-
ther, under optimum cavity conditions, one does not in prac-
tice obtain a large reduction in Pc near the band edge, be-
cause a/Gn/OT) does not decrease at the edge.6 Indeed, we
find very much the same On/OT value at 633 nm as at 514 nm,
even though a has decreased by a factor of 10. For these
reasons, when results for the various thermally evaporated
filters were compared, similar switch powers, but lower tem-
perature rises and improved stability, were anticipated at
633 nm (Table 1).

Under critical conditions for 633-nm operation the tem-
perature rise AT is approximately one half of that for 514-
nm operation. However, the overall stability of the hystere-
sis loops is found to be very poor. If the irradiation is held
above the switch point, then the loop drifts and narrows
eventually to a nonhysteretic characteristic over a matter of
seconds for 633-nm operation and longer for 514-nm sam-
ples. Permanent damage can then be observed. These
instabilities are currently considered to be associated with
the internal irradiance level. Table 1 shows experimental
and calculated results that contrast the switching parame-
ters for a number of filter structures. Notably for the thin-
spacer filters, while lower temperature rises occur at 633 nm
than at 514 nm, the internal irradiances are significantly
higher at 633 nm.

We also note that reduction of the 633-nm beam diameter
below 17 ,um produces even more instability and that the
critical power for bistability increases. A possible explana-
tion for this is that the electronic contribution to the refrac-

tive-index change becomes more significant. As this has the
opposite sign to dn/dT it will reduce the size of the refractive-
index change.6 For spot sizes greater than 17 m, P, does
scale linearly with r as expected.2

-

One predicts the lowest switching irradiances to be in the
MB filters (and in bulk ZnSe). We note that at 633 nm the
MB responses, although not hysteretic, are invariant when
held at 30-mW power levels for periods up to 1 h and at 647
nm the hysteretic responses are stable with only slight drift
when repeatedly ramped around the hysteresis loop over a
period of 90 min. No permanent damage was observed.
Completely stable operation was previously reported in bulk
ZnSe.9 In addition to their lower irradiance levels, the MB
and bulk materials are likely to be inherently more stable.
The spacer regions are dense and contain no porosity.10 In
contrast, in the thin-spacer filters the conventional high-
vacuum-deposition conditions are known to lead to porous
layers." This causes ingress of varying amounts of water
from the atmosphere, which will be partially desorbed on
subsequent heating. The instability of the thin filters may
be, in part, attributable to this effect. A detailed experi-
mental study of filter stability is currently being made.
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514-nm BISTABILITY IN MOLECULAR-BEAM
SAMPLES

The MB-filter stacks were designed for operation at 514 nm,
with RF 0.85 and RB 0.79. The improved reflectivities
and increased aD with respect to 633-nm operation do result
in observation of optical bistability, at power levels of the
order of 35 mW (30-Am spot size). At this wavelength all
filters display bistable responses; the 1.7-,gm sample gives
the lowest critical power (Fig. 7). From the theoretical anal-
ysis this substantiates our conclusion that a 1000 cm- in
the MB film and supports the cavity optimization procedure
that we have used.

CONCLUSION

Optical bistability has been observed in both thin-film inter-
ference filters and filters with up to 6.6-/Am MB-grown spac-
ers. Critical power levels are consistent with the quasi-
plane-wave model developed for cavity optimization of ther-
mal refractive bistability. The cavity figure of merit x = (2
- RF - RB)/aD allows one to judge the power level required
for a given cavity compared with that of an optimized cavity
for which x = 1. To a first apoproximation, required power
levels are proportional to (x + 2)3 /(27x).

647-, 633-, and 514-nm studies of the MB samples indicate
that bistability should be achievable at power levels between
20 and 50 mW over the full wavelength range for 30-,gm spot
sizes. Immediate proximity to the band edge is not essen-
tial, provided that the filter structure is close to optimum (x

1) over the wavelength range.
Theoretical analyses indicate that the internal irradiance

level must be kept low to prevent irreversible drift of the
nonlinear responses. Such drift may be associated with
morphological changes, but this is yet to be established.
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