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length and temperature dispersions quantified. Permanent absorption,
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INTRODUCTION

-Many optical applications are currently being found for II-VI semiconductors
such as Zinc Selenide (ZnSe). Applications, like anti-reflection coatings,
optical limiters 't-, or as part of more complicated structures for use as
optically non-linear switches with potential use in optical signal processing
and optical computing [2-6] cover just a selection of uses Up until recently
thin film ZnSe used in these applications was deposited using conventional

" thermal evaporation techniques. Such methods were shown to lead to poor
I quality films. Voids within the film structure were able to take up and

release water resulting in highly variable optical properties and low
mechanical stability. Variations in the stoichiometry of the films provided
high defect densities. Potential uses of ZnSe were dramatically hindered by
these material shortcomings. Realisation that applying molecular beam epitaxy
deposition techniques to the fabrication of these semiconducting thin films
came from Lewis and co-workers at RSRE in the early 1980's [7]. Because most
often, for the applications mentioned so far, the substrate is glass,
epitaxial growth of the ZnSe film does not occur, rather a controlled poly-
crystallir- m~crostructur. Ai therefore refer to the growth method as
Molecular Beam Deposition (MBD). Realise, however, that MBE and MBD use
essentially the same methods and equipment but different substate materials.
Although much improved films are now available which are fully dense, poly-
crystalline, and mechanically stable ie microns of deposited material can now
be grown without the layer fracturing and delaminating from the sub-
strate [8], there are still some shortcomings in the materials for critical
applications. Of interest in this work are possible small refractive index
and/or absorption variations which can occur under laser illumination. Such
variations will have detrimental effects in any device application Incor-
porating ZnSe layers but the area which has been first to show up these
material shortcomings has been in Optical Bistability, see for example [2]
and [9]. Crucial to the nonlinear properties of ZnSe is its thermal non-
linearity. Temperature increases, due to absorbed laser light, induces a
wavelength shift In the absorption edge which in turn causes refractive index
changes. Resulting wavelength shifts in the interference maxima cause
bistable operation under appropriate circumstances. Basic measurements of
refractive index over the visible wavelength spectrum for a range of temper-
atures and for several samples grown differently in the MBD machine are
studied here. With this information accurate values for n(X) and dn(X)/dT
have been measured and related to growth conditions. This represents the
first study of MBD grown ZnSe thin films. Previous studies on ZnSe chemical
vapour deposited films at 3.8 pm and 10.6 pm wavelength over a temperature
range of 80-300K have been performed by Thompson et al [10] in 1979. On bulk
polycrystalline samples, using the method of minimum angle of deviation,
Wunderlich and DeShazer [11] recoro- -2 refractive index in the visible at
room temperature. In addition this -,-_ N-t study has investigated permanent
alteration to the absorption edge ca,. by the increased temperature of the
samples. As far as is known this is thL first observation of such an effect
in MBD grown ZnSe films, although effects of interest in CVD grown ZnSe have
been studied previously [12].

Besides providing accurate values for the basic optical properties of these
films, which are essential for predicting the behaviour of any device,
instabilities in the optical properties of the material will be highlighted,
the reasons for the instabilities conjectured, and the implications for
optically bistable devices. Future work to reduce these problems will be
outlined.
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EXPERIMENTAL

All of the samples studied were grown using a standard MBE machine with
insitu diagnostics. The ZnSe material used for growing the samples is highly
pure polycrystalline ZnSe prepared by CVD from Zn vapour and hydrogen
selenide and is evaporated from graphite crucibles. Out gassing of the
chambers is achieved by a 180°C baking. During growth the background pressure
is 10

-
8 mbar and the ZnSe is grown at a rate of -0.7 zm/h, which is

achieved with a crucible temperature of -780'C. Further details can be found
from Lewis et al [13]. Three samples were grown on glass substrates, which
were not especially prepared to be optically flat, all of nominally 5 jm
thickness but at different substrate growth temperatures. The three growth
temperatures were 25*C, 150C and 300C. Since each of these films forms a
parallel sided layer their spectral response consists of a series of
interference transmission maxima and minima. Some 44 maxima are observed in
these films before the absorption edge at -500 nm reduces the transmission to
zero. From elementary theory of Fabry-Perot etalons the refractive index at a
transmission maximum can be found provided the wavelength at maximum
transmission is recorded, the film thickness is known and the order number,
m, of the fringe is known using:

mX
n = - (1)

2d

A typical spectrum, recorded using a Perkin-Elmer spectrometer, is shown in
Figure 1, with the order number of the transmission maxima. Determining the
order numbers was achieved by recording the spectrum from 450 nm to 50 Am and
establishing the m = 1 order from an approximate knowledge of both d and n.
An accurate value for the film thickness, d, can be found by cutting the
samples and taking SEM micrographs of the edge. Measurement of micrographs,
such as that shown in Figure 2, leads to the following film thickness;

25°C grown sample (4.78 + 0.02) pm

150C grown sample (4.91 + 0.02) Am

300C grown sample (4.71 + 0.02) Am
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An advantage of determining the refractive index using this method is that a
wide wavelength range can be investigated although the film thickness does
need accurate measurment. A restriction found using the minimum angle of
deviation in bulk polycrystalline ZnSe by Wunderlich and DeShazer [11] was
that n could not be recorded at wavelengths longer than 632.8 nm which led

them to some misleading conclusions as we shall see later. Measurement of
the refractive index was carried out over the restricted wavelength range of
450 nm to 800 nm. Lower wavelength cut off is dictated by the absorption in
the ZnSe. Although interference maxima can be seen down the absorption edge

they have only been recorded in practice down to 550 nm due to possible
complicating effects resulting from the rapid change in absorption in this
region. Refractive index information can be found using equation (1) even
when the absorption in the film Is significant. All that happens is the value

of the maximum transmission, Tmax, is reduced. Provided that the
absorption does not change much over the width of the interference maxima n

can be found from equation (1). Beyond 550 nm absorption is varying rapidly

and this will cause Tmax to vary significantly over the width of the
interference fringe resulting in a distorted fringe shape and the maximum
transmission moving toward a wavelength with lower absorption. This

distortion invalidates equation (1). A schematic representation of this
situation is shown in Figure 3.

Each sample was heated from 25°C to 225°C, in 50*C steps, and then cooled in
the same way, recording the transmission spectrum, and hence the refractive

index dispersion, at each temperature. This process was repeated a second
time thus resulting in essentially four spectra at each temperature, two
during heating and two during cooling phases.

RESULTS

I. Refraction

Constant temperature dispersion of bulk polycrystalline ZnSe has been invest-
igated previously by Wunderlich and DeShazer [11] over the reduced wavelength
range of 632.8 nm to 476.5 nm. In that work it was suggested that the
refractive index dispersion could be adequately modelled using a two
parameter, single effective oscillator, Sellmeier equation of the form

n
2  

+ A),
2  

(2)

X2 - B

Such an equation inherently assumes absorption to be zero - which is not

strictly correct. A rearrangement of equation (2) leads to a linear form of

the equation which affords an easy check to see if the experimental data fits

the theory prediction. Expressed linearly equation (2) becomes;

(n2-1)
- I 

- A
- 

- (B/A) X
- 2  

(3)
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Taking a typical set of experimental data, say the 300°C grown sample at room
temperature, we see in Figure 4(a) that a fit tn this simple equation does
not occur. For completeness the same theory and data are represented in a
more usual n.v A format in Figure 4(b). Again it is clear that a fit does not
occur. Least squares fitting, using either equation (2) or (3), resulted in
the following fitting parameters;

A = 4.185 + 0.002
B = (0.0535 T 0.0002) Um2

which are in only approximate agreement with Wunderlich and DeShazer who
found that;

A - 4.7032
B - 0.07034 lm

2

Of more importance, however, is that they concluded that Sellmeier equation
did provide a fit to the experimental data with nonlinearity only setting in
towards the shorter wavelengths. From figure 4(a) it is clear that
nonlinearity also occurs at longer wavelengths. This fact was missed by
Wunderlich and DeShazer due to the reduced wavelength range that they
studied. In general Sellmelers equation can be written as a combination of I
effective oscillators, with 21 fitting parameters;

i
n2 j X2

n2 -- = 2

Extending the single oscillator model to a double oscillator model a more
complicated equation results with four possible fitting parameters. In all of
the nonlinear least squares fitting to each data set it was found that
BI  0 0, thus reducing the fitting procedure to just three parameters in an
equation of the form;

A2 X
2

n2 - =A 1  + A (4)

A2 - B2

An illustration of how well equation (4) fits at each temperature for the
300*C grown sample is given in figure 5. Using equation (4) each set of
experimental data, for all 3 samples at all 5 temperatures for each of the
increasing and decreasing temperature phases, was least squares fitted and
the fitting parameters noted. These parameters are presented in Table I, and
plotted for clarity in figure 6 are the fitting coefficients for the 25*C
grown sample. Figure 6 represents the data showing the most scatter. As can
be appreciated from Table I and figure 6 there is no systematic variation of
the coefficients between the increasing and decreasing phase, only a
systematic variation of each coefficient with temperature. This is true for
each of the three samples. What we have then is four sets of data at each
temperature that can be averaged and then fitted to provide more accurate
values for A1 , A2 and B2. Permanent refractive index changes due to
heating and cooling cannot be detected with the accuracy of this experiment
(An- + 0.002). Averaged data fitting parameters are given in Table II and
plotted for clarify in figure 7. Since the variation of each of the fitting
coefficients is linear the dispersion of each of the samples can now be
written to include the temperature variation explicitly. The final form of
the coefficients are written as;
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25*C Grown Sample

A1 = 4.157 + (0.644 x 10
- 3

) x (T-25)
A2 = 0.797 - (0.183 x 10

- 3
) x (T-25)

B2 = 0.152 + (0.606 x 10
- 4

) x (T-25) /m
2

150*C Crown Sample

A1 - 3.692 + (0.892 x 10- 3 ) x (T-25)
A2 = 0.784 - (0.455 x 10

- 3
) x (T-25)

B2 = 0.147 + (0.880 x 10- 4 ) x (T-25) fLm2

300*C Grown Sample

Aj - 3.667 + (0.421 x 10
- 3

) x (T-25)
A2 = 0.700 - (0.535 x 10-

4
) x (T-25)

B2 = 0.152 + (0.506 x 10-
4 ) x (T-25) 1m

2

Only a very broad trend is evident from these coefficients. Besides the
refractive index being less for the higher growth temperature the dispersion
with temperature is also less for the higher growth temperature. With these
parameters it is possible to predict the refractive index at any wavelength
or temperature, for a given sample, with an accuracy of +0.002. Although this
is not quite as good as that achieved in any of the original independent 3
parameter fits (+0.0001) the generalised dispersion relation including
temperature is seen to be more useful.

The major difference between the three samples are the refractive index
values and not so much the dispersion. This fact can be appreciated by
observing the dispersion curves for each of the samples measured at room
temperature, see figure 8. Notice that the refractive index of the MBD layers
is lower than bulk ZnSe. Using these dispersion equations the value of dn/dT
as a function of wavelength can be calculated, see figure 9. This is an
Important parameter whenever ZnSe is used in an application where its thermal
nonlinearity Is utilized - such as in an optically bistable switch.

It is known from previous work on ZnSe grown on GaAs 113] that the material
begins growing as an amorphous layer up to a thickness of -60X before an
unstable region of - 1500X where columnar crystallite growth begins to occur.
Above these thicknesses highly orientated columnar growth occurs where the
preferred structure is cubic with the < III > planes parallel to the surface.
At low growth temperatures the grain structure is well formed with a typical
grain column size of - 250X in diameter whereas at higher growth temperatures
the grains become larger, .- 00O, but less well defined with stacking faults
extending from grain to grain. All films grown using the MBD methods have
been found to be fully dense. Although the material used here is not grown on
GaAs, and has not yet been fully Investigated, It seems likely that the
growth structure will be very similar on glass as it is on GaAs because of
the amorphous layer of ZnSe which builds first.

Correlation of material differences with refractive index differences is a
worthwhile study yet to be completed. Tentatively It would appear that
increased defect density may be contributing to a reduction in refractive
index.

5



II. Absorption

We have previously concentrated on the way in which the refractive index of
ZnSe varies from sample to sample, and with temperature, by monitoring the
effect of interference fringes. Although no discernable permanent alteration
of refractive index is found due to temperature cycling the changes in
absorption are most notable, especially close to the absorption edge.

Consider the 250C grown sample the wavelength range from 450-800 nm.
Initially the absorption edge is very spread out in wavelength, unlike bulk
polycrystalline material which has a much sharper change in absorption
corresponding to a better defined band gap, see reference [1] their figure 6.
At longer wavelengths the absorption becomes more constant but still quite
large as indicated by the relatively low value for Tmax. Heating this
sample to 750C and cooling to room temperature produces quite a different
absorption response, see figure 10. Firstly notice that the refractive index
has not altered significantly. However, the absorption has altered by a
significant amount, not only at longer wavelengths, where Tmax increases
from 70% to 79%, but most noticably in the absorption edge region where
the edge has become much more abrupt. If the sample is taken up to 225°C and
cooled once more to room temperature we see, in figure 10, that a further,
smaller, change in Tmax has occurred at longer wavelengths from 79%
to 82%, but a more dramatic change has occurred again close to the
absorption edge.

Repeating the temperature increase to 2250C and cooling to room temperature
produces only slight further alterations. By far the majority of the
permanent changes occur in the first heating of the material. Notice that
large changes in transmission occur for small changes in temperature, just
500C temperature increase, and that material changes are proportional to
temperature change with minor further changes each time this temperature is
reached. This has important implications for the stability of the material.
This issue will be returned to later.

Another effect worthy of note is the way in which Tmax varies with
temperature for a given fringe. If the value of Tmax is recorded for a
low fringe number around 770 nm, that is m = 31, and for a higher fringe
number, m = 45, at around 555 nm as the temperature changes different trends
are seen. For short wavelengths Tmax decreases with temperature and at
longer wavelengths Tmax increases. Notice that these results are
reproducible since they were measured during the second high temperature
heating phase so that permanent changes have stabilized. Such variations are
a surprise at first sight, see figures 11(a) and 11(b) for details. Without a
detailed study an appreciation of this effect can be gained by investigating
the equation describing Tmax for a Fabry Perot showing absorption.
Simple reflectivity type calculations lead to an expressinn of the form

(1-RI) (1-R2 ) e-2& d

Tmax  (1 -K1 R2  e-2a d)2
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Since we know the wavelength at which the maxima occur and d, the layer
thickness, we can calculate the refractive indices and thus the reflectivity
at the front face, RI, and the back face, R2 . Taking the experimental

values for Tmax It is straightforward to calculate that for a fringe
where m - 45 that A(2a d) - 0.01. Thus the absorption, a , increases as the

temperature increases. Conversely, repeating the procedure for a fringe with
m = 31 calculations show that A (2 a d) - -0.07, so that the absorption, a,
decreases with increasing temperature. This brief calculation serves to show

that changes in refractive index are not responsible for the effects.

Variations in the absorption characteristic is not straightforward.

Similar temperature related absorption changes are seen in the higher
temperature grown samples but are less pronounced. Variations with

temperature cycling for the 150*C grown sample are represented in figure i2.
Shown are the spectra measured at room temperature, before heating, after
raising the temperature to 225*C and cooling and then repeating the
temperature cycle. Reproducible spectral variations with temperature are

illustrated in figure 13. Absorption edge alterations with temperature
cycling of the 300C grown sample are shown in figure 14. Spectra are at room
temperature for the as grown sample, after raising to 225*C and cooling once,
and twice. A demonstration of how the spectra vary with increasing

temperature is given in figure 15. As has been noted before, increasing and

decreasing the temperature of the sample leads to a permanent sharpening of
the absorption edge, this effect being more pronounced for the lower growth
temperature sample. It is instructive to compare the final spectra at 25'C

for each of the three samples after temperature cycling, see figure 16. As

can be seen these final spectra are now similar. Differences that remain are
the thicknesses and the refractive indices which both contribute to placing
the interference maxima at different wavelengths.

CONCLUSIONS

Study of MBD grown samples of ZnSe at three substrate growth temperatures has
been completed using a simple spectrometer measurement of the absorption edge

and the interference fringes. Two main conclusions are, firstly, that the
refractive index of the material increases with increasing temperature and

exhibits reproducibility but that secondly, permanent changes in the
absorption are caused by the increased temperature. Such changes are more
pronounced for the lower growth temperature sample where the initial
absorption is greater. From these results it can be conjectured that
temperature cycling causes the defect structure to be dramatically changed,

mey be by microcrystallite grain growth, resulting in vast differences in
transmission. Associated changes in absorption are in fact relatively small
and through the Kramers-Kronig relation so too is the expected change in the
refractive index. Induced changes in refractive index are too small to be
detected in this type of experiment. A more abrupt absorption edge suggests a

more defect free material. Sich conjectures can be tested with TEM studies.
This careful analysis has led to accurate values of n(X, T) for thrce growth
conditons and has allowed dn/dT to be calculated over the whole of the

visible spectrum.
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We can see already that these optical changes can have significant effects on
ZnSe optical jevices. Previous studies have shown that Fabry-Perot etalons
used as ortically bistable switches suffer from variations In switching
intens!t, s with operation, see [1] and [9]. A Fabry-Perot operating in
bista' - mode is highly sensitive to small changes in n and a. Alterations
in the switching powers can be reinterpreted as variations in the critical
detuning of the device, that is the detuning necessary for the onset of
optical bistability. From a simple theoretical treatment we have the critical
detuning, 6 c, given by;

F2 G(F) f(3F + 2) [(F+2)2 + 8F2]
6C= - 4 H(F + Sin- 1  

4F

where

G(F) = 3(F + 2) -%/((F + 2)2 + 8F
2
)

H(F) = (F + 2) ,/((F + 2)2 + 8F
2
) - (F + 2)2 - 2F

2

4 R1 R2 e2ad

F = ( R R2 ea d )2

If typica] values of refractive index and absorption in ZnSe at longer
wavelengths are fed into this equation it is possible to show that when
Tmax -. 75 the critical detuning is -'21* but if the absorption changes
so that Tmax - .80 the critical detuning is dramatically altered to
-32° . This is only a 7% change in transmission but it has dramatic effects.
At shorter wavelength Tmax can alter from .2 to .3, a 50% change, and
hence the change in 6 c will be even more dramatic. It is clear then that
small changes in the ZnSe material can cause significant effects in bc and
thus the switching powers in a bistable device. Thus it is expected that
these effects will be more significant at shorter wavelengths. A point worth
noting is that a rapid change of switching conditions is to be expected on
the first operation of the device when the temperature is increased for the
first time. This effect should be observable for even small temperature
increases of 50*C. Since it is believed at present that the initial dramatic
change in the material is proportional to temperature but that further
changes occur slowly when the material is reheated to the initial temperature
it is conjectured that the operating conditions of the devices should
continue to alter. This is indeed observed. However, little can be said at
this stage about the timescale over which this should occur. Presumably
variations of material will be reduced for the high growth temperature
material.
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FUTURE PROGRESS

Any use of thin film ZnSe in optical applications will be susceptable to

alterations in the material properties. Experiments with optically bistable

devices are a sensitive method of detecting such changes but even relatively

simple filter applications using ZnS can show dramatic variations in filter

pass band with temperature cycling, see Roche et al [15] or Title [161. So,

imperfect ZnSe material will hinder the stability of all optical applications

to which it is put. A need exists to study what causes the changes in

absorption and how growth conditions can be modified to produce better

material. It is already known that Zn and Se interstitials cause band gap

states and hence will contribute to the broadening of the absorption edge as

observed. Because the sticking coefficient of the Zn and Se2 species during

growth is temperature dependent the proportion of interstitial type defects

will be expected to be dependent on growth conditions. One idea is to grow

ZnSe with an over pressure of one or the other species to help keep the

proportions of Zn and Se equal on the substrate thus hopefully reducing the

defect density. This could lead to material showing a more abrupt absorption

edge and greater stability in temperature cycling.

These tasks are planned in future work.
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Fig 1 Spectral response of the 300
0
C grown sample recorded at room

temperature showing the order number of the interference fringes.

An illustration of a typical spectrum.

Fig 2 SEM micrograph of a gold coated edge of a cut ZnSe sample, the top
region is the deposited film and the lower region shows the glass

substrate. This particular sample is the 300%C grown sample after

temperature cycling.

Fig 3 Schematic diagram of interfernce maxima showing expected
modification due to rapidly varying absorption and resulting
wavelength shift.

Fig 4(a) Experimental data from the 300C grown sample, measured at room
temperature, showing an attempted fit to a 2 parameter Sellmeiers
equation in linear form.

Fig 4(b) The same data and theoretical fit as in 4(a) but here represented

in the more conventional format of n.v. .

Fig 5 Theoretical fit to the experimental data taken as the temperature
of the 300

0
C grown sample is increased for the first time using a

three parameter Sellmiers equation.

Fig 6 Fitting coefficients for 25C grown sample for both increasing and
decreasing temperature phases demonstrating only a systematic
variation with temperature and not from phase to phase.

Fig 7 Fitting coefficients for 25*C grown sample after data set
averaging, showing least squares fits.

Fig 8 Dispersion of refractive index for the three differently grown

samples all measured at room temperature, compared with the
dispersion of bulk ZnSe.

Fig 9 Rate of change of refractive index with temperature shown for the
three different growth temperature samples.



Fig 10 Transmission spectra of 25*C grown sample measured at room temper-
ature after various temperature increases. Shown is the initial,

as grown, response, 1, the spectrum after heating to 75C then

cooling back to room temperature for measurement, 2, and the

spectra after two individual heatings to 225*C, 3 and 4,

respectively.

Fig 11 Variation of two interference fringes, one at short wavelength and

one at long wavelength demonstrating the opposite change in

Tmax•

Fig 12 Spectra recorded at room temperature for the sample grown at

150*C. Curve 1 corresponds to the as grown condition, Curve 2 to

the modified spectrum due to heating the sample to 225*C and
cooling and Curve 3 to the further modified spectrum due to a

second heating to 225*C. Note the change in the absorption is

significant but a change in the refractive index is not evident.

Fig 13 Spectra recorded at elevated temperatures for the sample grown at
150*C showing the absorption and refractive index changes. These

measurements are taken after the initial permanent absorption

changes have occurred.

Fig 14 Spectra recorded at room temperature for the sample grown at
300°C. Curve 1 is the as grown sample, Curve 2 after the sample

has been temperature cycled to 225*C and Curve 3 after the sample

has been temperature cycled to 225°C for a second time.

Fig 15 Spectra shown the effect of temperature on the refractive index
and absorption edge for the 300°C grown sample.

Fig 16 Spectra recorded for the 3 samples at room temperature after each
has been temperature cycled to 225°C twice.

Fig 17 Spectra recorded for 3 samples at 250r before any temperature
increasing performed ie as grown.
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