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ABSTRACT, Continued ¥

A review is given of previous investigations and measurements of the
optical properties and constants of germanium thin films. This review
shows that the results are much at variance among themselves, due to lack
of crystalline perfection in the samples studied. The results for n and k
reported in this work were computed from measurements of R and T ona
250 A epitaxial germanium film on Ca¥;. They are shown to give much
better agreement with optical constants from dispersion analysis than
those of earlier workers. In addition, with the inclusion of experimental
error, the present results overlap those of the dispersion analysis in those
wavelength ranges in which it was possible to obtain roots. ' -!

Thus, the conclusion of this research may be summarized as follows:!

(1) The optical properties of epitaxial germanium films replicate bulk
single crystals to a degree sufficient to justify their consideration as
vehicles for further optical research into the high energy, high absorption
spectral regions.

(2) The use of epitaxial semiconductor films to calculate optical con- | oo
stants will supplement, but not supplant, other methods such as | : |
polarimetry and dispersion analysis. (Author) ‘ ‘
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If a student comes into contact with one or two veryvfine
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bers of the faculty of Clarkson College of Technology. However, in
this instance I refer to Professor William Paul who has been my
thesis advisor at Harvard. I shall always be grateful for his
editorial assistance in the preparation of this thesis and for
his guidance and advice on the experimental problems that arose
during the course of this work. The example he has provided of a
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my educational experience at Harvard.
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In Chapter Four, Section B, we gave the results for the effect
of deposition parameters on the reflectivity and crystallinity of
films on fused quartz. These results show that both reflectivity
and crystallinity have a strong dependence on substrate temperature
and a weak dependence on deposition rate. The crystallinity and
reflectivity structure improves with increasing substrate temper-
ature; however, the magnitude of the reflectivity becomes degraded

beyond a certain substrate temperature due to increasing roughness

effects. In this same section, we also presented the optical response

of three epitaxial germanium films on CaFp. These results indicate
interband transition structure corresponding closely to that ob-
served in bulk materiél, even in the case of films ~ 25 atoms thick.
The résults of Chapter Three relating to conclusion (b) above
lead us to believe that similar analyses should be undertaken for
the dispersion method, polarimetric methods, and other photometric
methods in order to determine the efficacy of each for calculating
optical constants. The results for the RT method and the two thick-
ness, two transmission method argue eloquently for the necessity of
investigating in detail whatever other methods may be chosen in or-
der that experimental conditions may be arranged for optimum results.

It has become apparent since the inception of this research

that interest has begun to grow in the optical properties of epitaxial

semiconductor thin films. This has been particularly true recently
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and dispersion analyses. We have shown that in the region where
roots are obtained, the film optical constants compare favorably
with the Kramers Kronig result,

With regard to thevstatement in (a) concerning experimental
difficulties, we feel these to be of four types:

(1) Roughness scattering. In Chapters Two and Four we have
seen how the presence of granular structure in the film produces
scattering effects which reduce reflectivity and destroy coherence.
For germanium it appears to be difficult to obtain epitaxial films
that do not possess residual roughness. This is because, as pointed
out in Chapter Two, Section D, the deposition conditions for epi-
taxial f£ilms are in opposition to the requirements for smooth films.
However, there is evidence that the situation is not so severe in
the case of epitaxial lead salt films [5). Roughness is the most
serious problem confronting the calculation of the optical constants.
However, if the mean film thickness is muéh larger than the rms sur-
face roughness, its effect may be ignored 1in transmission and ex-
perimentally compensated in reflection., When thickness and rough=
ness are of the same order, coherence 1s destroyed and it is for
this reason that we were unable to apply the two thickness, two
transmission method for germanium. Extensions of this réséarch
should concentrate on devising methods 'of producing smooth films,

possibly through techniques other than vacuum deposition.







250A film of Fig. 4-12. The optical constants calculated for the

film are shown in Fig. 5-2, where, in performing the calculation,
the reflectivity was corrected for roughness according to the ex-
The bars indicate

perimental quantities R_ = .95 Ro and 0 = S04,

the error spread in n and k for an absolute error in R of + 2,5%
and in a of + 10A and a relative error in T of + 10%. We see
that the discrepancy between the film values of the optical con-
stants and those of bulk Ge (takenlfrom Fig. 1-3b) can be included,
for the most part, within the span of these conservative experi-

mental error estimates. We see also that the region in which no

roots appeared, namely, 30004 to 4100A;, corresponds almost
exactly to the region predicted by Fig; 3-14a for a 250A film a§ 
having very high sensitivity to experimental errors in R and T.
Reference to Figs. 1-5 will show that the present results are far

superior to previous film optical constant work, primarily because

of the use of epitaxial films.

5-6







of equations (3-19) and (3-6) reveals that the number of possible
roots is generally indeterminate.
locus diagrams Figs.3-6 through 3-9. The area of n and k to be
searched by the program is 0 to 10 for both constants. The pro-

gram was almost always run in the automatic mode.

Enough iterations were performed so that by using the results

of the most recent iteration, the calculated values R', T' would
equal the experimental values R, T to within three significant
figures. If this did not occur by the 20th iteration, the pro-
gram would assume that divergenée was taking place and print out
a statement to this effect along with the results of the last
iteration. When the work for the wavelength under consideration
was finished, the data for the succeeding one would be read in.

‘After the data had been exhausted, the FORTRAN monitor system

automatically terminated the program. The running time to com-

pute the optical constants for 41 wavelengths (6000A to 20004
in 1004 intervals) in the automatic mode was approximately two
minutes. The calculations for Chapter Three were effected by

separately using the arithmetic subroutine which calculates R',

T', and the various derivatives.

This is also shown by the root-
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and that the roots are given by:

n n + An
0

k

#

k + Ak
o

where A n

and A k are the necessary corrections to n, and ko.

Applying Taylor's theorem to equations (5-1) yields:
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be small enough to neglect
ave immediately:
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The roots may now be found to any desired degree of accuracy by

repeated applications of these formulas with the improved values

of n and k substituted at each step.

We see that equation (5-5)

(5-2a)

(5-2b)

(5-3a)

(5-3b)

(5-4a)

(5-4b)

(5-5)
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It is interesting to note that because the force which ef-
fects the stress in the film is actually applied at the film-
substrate interface, a bénding moment arises which tends to lift
the film‘away. This bending moment increases with film thickness
until rupture takes pldce, thus setting an upper limit on the film
thickness for a given substrate temperature. For TS = 600°C, the
critical thickness appears to be around 3000A to 4000A as de-

duced from observations of thick filins that rapidly broke up im-

mediately after deposition.

4. Comparison with Other Work.

The most recent works on the optical response of thin germ-
manium films have been by Donovan and Ashley {3], Tauc, et al. [5],
and Cardona and Harbeke [18]. The relationship of our work té that
of references 3 and 5 has been discussed above. However, in these
two the film transmission was not measured. Cardona and Harbeké
have measured the transmission (but not reflectivity) of several
rather thick epitaxial films on CaFs. Although their total re-
sults account for the proper structure, only one film was thin
enough (5008 ) for measurements down to the I, X transition (which
appeared quite weak) and this film did not display the A doublet.
Also, the magnitude of their transmissivities is in great dis-.

agreement with those calculated from bulk optical constants for




A A

As there are three times as many (1 -11) transitions as <111), we
will take the over-all shift to be the weighted average of 6E?111]
and SE?I 117 or BEA = (-5.0 X 10_6 eV/atm)X. From Fig. 4-15,we
have SEA = 44 * 10 millieV as the observed meaﬁ shift of the A
doublet which implies a value of 8800 * 2000 atm for the induced
biaxial compressive stress, as compared with the previously cal-
culated value of 10300 atm from thermal expansion.

E1 and E2 for the 3, X transition are not known at present.
However, an estimate can be made of El‘from the pressure coef-
ficient for the %, X transition in silicon measured by Zallen to
be 3-10-6 eV/atm [9]. There is an empirical rule which states
that among semiconductors with similar band structures, the pressure
coefficients for transitions at ideqtical symmetry points of their
Brillouin zones are approximately equal [17]. We therefore take
Zallen's result to hold for-germanium also, For purposes of cal-
culation, we will assume Eﬁ = E? and Ei = 0. From Fig. 4-15,

SEX’Z = 33 + 12 millieV which results in X = 16500 + 6000 atm com-
pressive biaxial stress. The factor of two difference in the A and
Z, X results cannot, at present, be attributed to anything except
experimental error. Although the shift of the reflectivity was

observed in all of our films, it was carefully measured only in

the 1850A film of Figs. 4-11 and 4-15.

-6 N -6 y
55[111] = (-4.0 X 10 ~ eV/atm) X and aE[l 1] (-5.3 X 10~ ev/atm)X.
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[12], with AT = -575°C, equations (4-2) and (4-3) give X = 10,800 atm
compression.

Brooks's equation for the shift of an energy band under strain

may be written as [15]:

5E = E1 Tr u + E E -(g - % ; Tr g) -B . (4=4)

Here E, and E, are deformation potentials (E1 is directly related
to the hydrosteatic pressure coefficient), g is the unit vector in
k space to the band edge in question and u is the strain tensor.

In the following discussion, we will take BE, Ey, and E2 to refer

to differences in energy transitions instead of band edges. For

purposes of discussion, we note that the stress tensor for hydro-

static pressure is

[1 0 o0
Lusp = -x;l 01 0 (4-5)
\O 0 l/
for which the generalized Hooke's Law in conjunction with (4-4)

gives:

SE = -3 El(s11 + 2 512) X | (4-6)
where X is of course the pressure. This relates E, to OE/OP.
For applied biaxial stress X in the [l -10] and [-1 -12] di-

rections, the stress tensor is:

[ 2 -1 -1)

g = % 12 -1, o (4-7)
.1 -1 2 :
RN
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investigate the effect experimentally because of the roughness-
coherence difficulties discussed above; however, we would like
to make a few\conjectures about what might be expected should
suitable samples become availaBle. The problem seems to be di-
vided into two aspects: (1) the perturbative effect of the finite
boundary on the bulk energy levels, and (2) the '"quantitization"
of k space in the direction normal to the film surface into in-
tervals of 27/Na where N is the number of atoms and a the lattice
constant. Of these, the second has the intereéting possibility
of giving the joint density of states a two-dimensional charac-
ter and of splitting interband transitions which occur between

bands of non-zero slope.

3. Effect of Induced Strains in the Films,

Because of the difference in thermal expansion between the
film and the substrate, there will appear an induced strain in the
film as it is cooled from its formation temperature. The effect
of this sérain is clear from Fig. 4-5 where it is apparent that
both the A beaks and the 3, X peak are‘shifted to higher energies
in the film. In treating this phenomenon, we will make the fol-
lowing idealiiations:

(a) The film and substrate will be assumed to be isotropic,

homogeneous, and temperature independent in their thermal expan-

sion properties.
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poor optical imaging because of the cleaved sufface. Fér the 2504
film of Figs. 4-12 we ma; perférm a similar analysis by using only
the reflectivity in the region below 3500A where interference is
small and extrapolating to infinite wavelength. This procedure
leads to 0 = 50A and R = .95 RO. In addition, we see from Fig.
4-12b that the roughnéss is not without its effect on the UV
transmittance where T of the film falls below its theoretically
predicted value by about 50% at A = 20004. Y

Figure 4-13 shows the optical response of a film whose thick-

ness was measured by infrared transmission to be 135A. We see that

the experimental values of R and T depart considerably from the
corresponding theoretical values for this thickness, T measured
being higher than T calculated (except in the far UV region) with
the reverse true for R. This behavior was observed in each of our
very thin films, thus the film of Fig. 4-13 is not a mere variant.
The RED pattern for this film shows sharp Laue spots indicating
epitaxy, and Fig. 4-13 confirms the presence of the appropriate
interband structure. The disparity in amplitudes is probably due
to the breakdown of coherent interference effects when the RMS
roughness of the film approaches an appreciable fraction of the
mean film thickness. This results in phase averaging or inten-
sity addition (discussed in Chapter Three) for the theoretical R

and T expressions. The scattering will not be as strong for IR
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well as roughness degrade the reflectivity. However, according
to Chapter Two, Section D, amorphous films should be smoothest
of all, 1If this is true, then the reflectivity of amorphous films
should be the same as that of smooth bulk crystalline surfaces in
the far ultraviolet, as the optical response in this region is due
to valence band plasma oscillations which are relatively indepen-
dent of long-range order. ' This has.been‘obsérved to be the case
by Tauc, EE‘EL' [5],who also explain the deviation of the I, X
peak amplitude (whose reflectivity was 55%) of their polycrystal-
line film from the bulk value as due to surface roughness scattering.

Figures 4-8 and 4-9 give the results of the multideposition
rate series‘of films on fused quartz. We see that this parameter
does not influence either crystalline quality or reflectivity as
strongly as does TS. All of the RED patterns appear identical
except for intensity differences caused by variations in exposure
times. The differences in amplitude among the X, X peaks may or
may not be significant. Their magnitudes and shapes are nearly
identical. The most cautious conclusion would seem to be that
over the range of A shown, the film crystalline and optical pro-
perties are reasonably constant.

In Chapter Two, Section'D, evidence for the presence of sur-
face roughuess for epitaxial films on CaFy; was given. 1In Fig. 4-11,

we see that the reflectivity of the 18504 film, thick enough to
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Ashley [3] have studied this problem using polycrystalline films
and polished bulk surfaces,and on the basis of their results have
suggested that in the bulk material '"the observed structure in the
reflectance in the region of 2 eV results from a combination of
the L and A transitions or that the 2.3 eV peak‘corre;ponds to
transitions at the A point and the peak at 2.1 eV corresponds to
transitions at the L point." That neither of these deductions is
wholly correct can be reasoned as follows:

(a) Neither explanation‘accounts in a clear manner for the
theoretically predicted spin orbit splitting [7].

(b) The calculations of Brust [8] indicate that the L! - L

3 1
transition has a joint density 6f states of Type Mo which has the
wrong shape to cause a peak in the reflectivity spectrum.

(c) Pressure measurements of Zallen [9] show that both peaks
have the same pressure coefficient, as would be expected if they
arose at the same point in the band.

(d) The L transitions have actually been observed apart from
the A transitions by Greenaway [10] for GaAs and by Cardona and
Greenaway [11] for 2ZnTe and CdTe.

In the case where the peaks are distortéd due to polycrystal-
line film structure or polished bulk surfaces, a simpler explan-

ation of either increasing the relative difference between the

amplitudes of the two peaks or reversing their magnitudes is
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structure indicated by the bulk reflectivity, including the A spin-

orbit splitting. This is most strikingly brought out by Fig. 4-11

for the 18504 film (the shift of the A peaks will be discussed

later in Subsection 3). Even the 1354 film, which is only about

25 atoms thick, reveals the structure predicted by bulk measurements,
and, in fact, the proper structure was also observed in still thinner
epitaxial films.

The RED patterns indicate the presence of stack-
ing faults and twins in each of our epitaxial films; however,
their effect on the film opticai response is not known at the pre-
sent time. |

The RED results for ;he multisubstrate temperature ;ériea on
fused quartz show a progression from sharp, textured Deﬁye-Scherrer-
Hull rings at 780°C to broad, diffuse DSH rings at 25°C, as indi-
cated in Fig. 4-6. At the highef temperatures, one can see re-
gular intensification of the rings which signify the presence of
{110) preferred oriéntation in the film normal to the substrate.
Thus,we see that the highef the substrate tempetature, the greater
the crystalline ordering, in agreement with the discussions of
Chapter Two. “The reflectivity structure of this series shows a
strong temperature dependenée. Referring go Fig. 4-7, the 780°C
film, curve‘i, possesses ali of the bulk structure, except that
the A spin-orbit split peaks are severgly distorted. As‘TS de-

creases, clear evidence of these peaks disappears; however, the
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4-14

and the data recorded. Films having relatively high reflectivity
at 2800A were scanned to obtain their entire reflectivity spec-
trum from 20004 to 60004&, and, if thin enough, their transmis-
éivities were also measured. Figure 4-10 shows the RED patterns
and Figs. 4-11, 4-12, and 4-13 the optical response of three
typical films differing widely in thickness., These films are by
no means to be regarded as unique occurrences; in fact, in each
case other films were made under identical conditions and they
displayed nearly the same optical response as those shown. De-
position rates and substrate temperatures were kept reasonably
constant at values thought to produce films with minimum roughness
yet good crystalline quality (see Chapéer Two) .

Optical measurements were also made on three films received
from the University of Virginia Materials Science Department [4].
These films were grown under conditions of substrate temperaturé
300°C and ambient pressure 5 - 10-8 torr. When these films were
examined by RED, they were epitaxial but contained a superposed
twin patterns whose spots were almost as intense as the basic
(111} Laue pattern. The usual interband transition structure in
the reflectivity spectrum was quite weak and none of the films
displayed distinctly the spin-orbit split A peaks. None of the

films was thin enough for transmission measurements.
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because the light is converging to a focus on the sample and also

because of the irregular substrate surface.

effects is estimated to be approximately +10% relative.

B. RESULTS FOR THE REFLECTIVITY AND
TRANSMISSIVITY COEFFICIENTS

1. Results for Fused Quartz Substrates.

‘It was decided to study the reflectivity of germanium films
deposited on fused quartz substrates for the folloQing reasons:

(a) To ascertain whether or not such films might possibly
make more suitable vehicles for the calculation of:the optical
constants than those on‘CaFa.

(b) To check our'egperimental methods by coﬁpéring our re-
sults with a similar, but less complete study by T. M. Donovan
and E. J..Ashley [3].

Two sets of experiments were performed, one being the main-
tenance of a reasonably constant deposition rate, denoted by A,

while the substrate temperature, denoted by TS

siderably, and the other being of the same type except that T

, was varied con-

S
was held constant and A varied. Figure 4-6 gives the RED patterns

and Fig. 4-7 the reflectivity as TS was varied, while Figs. 4-8
and 4-9 hold for the case in which A was varied. The method of
deposition was the same as outlined in Chapter Two, Section B-3.

However, the substrate preparation differed in that all substrates

The error due to these
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approaches that of reference 1. Our method was to obtain a 1 cm X

1 cm X 1 mm slab

ium with its surface parallel to the {11l1) planes of the crystal.
This slab was then attached to a lapping dop and the foliowing:
procedure used: _

(a) The sample was first lapped with 12 4 Buehler #1200
lapping compound.

(b) Lapping was completed with 3 u Alz0s.

(c) Polishing commenced with .3 p Linde "A" using a bees-x
wax polishing platfbrm.

(d) Polishing was completed with .1 u Linde "B", 'also on
beeswax; Great care was taken during this step not to bear undue
pressﬁre'on the sample‘aﬁd hence to minimize the‘éepth of the
amorphéus surface layer left by polishing.‘ Each step was con-
tinued for such time as was felt necessary to remove the damaged

layer incurred by the previous step.

After polishing, the sample was:removed from :the dop for etch-

ing. A fresh batch of CP-4 was prepared, the sample placed in a
Teflon dish, and about 15 cc of the solution poured over it. The
acid was geﬁtly sloshed over the sample for one minute,whereupon
the etchiné wés stopped with distilled HgO0. The sampié‘was then
cleaned in three changes of fresh acetone and finally swabbed with
a benzene soaked Q-tip. The sample was immediately placed in a

sample holder, alignment made through use of the above procedure,

N

of 40 Q.cm high purity single crystal of german-
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These conditions closely approximate those under which transmission
measurements on germanium films were made. The scattered light de-
termined in this way was found to be .08%. This effectively lim-

ited the dynamic range of the spectrophotometer to about three

orders of magnitude.

2. Description of Experimental Procedure. Test and Calibration

by Measurement of Bulk Reflectivity.

As was mentioned above, the measurement of absolute reflec-
tivity by our apparatus depends on whether or not the optical
paths § - M, - PM and S - M, ~ PM are equivalent. Also, from Fig.
2-4 we see that we are seeking the reflectivity of a highly irreg-
ular . surface caused by the presence of cleavage steps in the sub-
strate., Therefore, the following experimental procedure was used;

(a) With the sample removed, light with wavelength 53004 was
allowed to fall upon mirror MT' Since the light is focused at S,
a short distance from MT’ MT collects all of the incident light.
M, is now rotated until it floods the photomultiplier cathode
with the maximum amount of light as found by thimizing the photo-
multiplier output.

(b) The sample, mounted in a sample holder as shown in Fig.
4-4, is now pléced into position. ‘It is then situated éo that
the film surface stands halfway between mirrors MT and MR. MR

is then rotated in order to optimize the signal output as in (a).




the randomly distributed phase of the inpdt noise causes it to be
attenuated to a greater or lesser deg;ee. In our system; the ap-
propriate reference signai is generated by a photodiode-panel
light assembly mounted '‘on the chopper wheel housing. The light
from the panel 1ight is chopped and then detected by the photo-
diode. The phase difference between this signal and the chopped
light signal from the monochromator exit élits is controlled by
mechanically moying the photodiode-pahel light assembly along the
circumference of the chopper wheel housing. The output of the
photodiode is now symmetrized by a transistor switching circuit.
It is then féd to a waveform shaping filter whose function is to
isolate the fundamental sinusoidal harmonic of the refereﬁce sig-
nal so that it can be operated on by the phase shifting network
which follows the filter. This circuit provides an additional
means for adjusting the phése difference between the inpué signal

and the reference signal. The reference signal next triggers a

single-shot multivibrator whose purpose is to provide a large ampli-

tude square wave with fast rise and fall times to be used in switch-

ing the diodes of the phase sensitive detector. This detector has
been 8o designed that in effect it full-wave rectifies the "intel-

ligence" por;ion of,the input signal and yiglds an output which

is independent of the amplitude of the refefence signal. . The aver-

age value of the phase sensitive detector output is found by paésihg'
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used for all optical measurements in the spectfal range 6OOCA'ZOOCA
was a model 6256B manufactured by EMI, Ltd. of the United Kingdom.
This tube has atl cm diameter quartz window with an §-13 response
cathode. It has a particularly léw dark current and very high

gain.

Let us now consider Fig. 4-1b which shows the flow paths of
the electronic signals from the photomultiplier And the chopper
photodiode.. Because a photomultiplier is princiﬁall& a constant
current SOurce, the usual practice is to convert the current sig-
nal into a volﬁage signal with the éqode resistor RA. This also
provides a means of gontrolling thé system gain. In our system,
we used two values of RA, 1K and IOK; providing a gain or a;tenuafl
tion capability of 10 in the input voltage signal; This signal is
fed through the coupling capacitor CA into a negative feedback am-
plifier tuned with a twin T filter to a narrow passband around
1080 cps. The open loop gain of this amplifier is high enough so .
that the closed loop gain is dependent only on the paésive elements
of the twin T filter. The second stage of émpiificatiod is another
negative feedback amplifier with RC cutbffs on both the high and
low frequéncy sides of 1086 cps in order to complement the twin
T filter oflthe first stage. The purpose of ﬁhis extensive fil=-

tering is to reduce the amount of noise in the signal eventually

to be detected. The "intelligence" in the incoming signal consists
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Bauscﬁ and Lomb grating blazed at SOOOA ptbducing a linear dis-
persion of 164 /mm at the exit slit. The lamps used as sources
were a General Electric instrument lamp, type 9A/T81/1, and a high
preéssure deuterium discharge lamp, model D-100-S, manufactured by
Quarzlampen G.m.B.H., Hanau, West Germany; The GE lamp, with a
1 mm X 1 in. tungsten filament, was used for the spectral range
6000 to 35004 , while the deuterium lamp, with a 1 mm circﬁlar
aperture, waslused for the spectral range 4000A to 2000A . For
most of the optical experiments, an entrance and exit slit width
of 100 4 and a slit height of 5 mm, giving a resolution of 1.6A s
were found to provide sufficient light intensity withoutloverload-
ing the detector and electronics or unduly increasing the scattered
light. Also, a scanning rate of 1258 /m in for the entire spectral
range covered was found to be’a good compromise‘in tha; it pro-
vided data for the over-all picture fairly rapidly, and was suf-~-
ficiently slow that any fine structure present would be observed.
Upon emerging from the monochromator exit slit, the light is
chopped at a frequency of 1080 cps by a rotating slotted wheel.
Attached to the chopper C is a panel light-photodiode combination
whose purpose‘is to provide .an electronic signal with a constant
phase relationship to the chopped optical beam. The chopper light
is now reflected by mirror M3 to the "mirrop lens" system com-

prised of mirrors M&’ MS’ and M6. The magnification of the mirror

4=2
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the A2 law of the isoelectronic sequence [15].f Also theré is
evidence that SnTe, GeTe, and the semimetals As, Sb, and Bi may
have such an energy [11] in addition to some metals [12, 13].

On the other hand, it appears possible with the two trans-
mission, two thickness method to choose a pair of films that will
reduce the error derivatives t6 a tolerable size for all wavelengths
" to be considered in this work. Thus it seems that this method is
superior to the RT method. However, it was pointed out that our
method of presentation would probably favor this technique; there-
fore, it still remains a matter to be decided by experiment in order

to see which of the two techniques is the better.

t . . -
It is interesting to note that the relation € = 1 has the follow-
ing connection with the fundamental processes of 'a material, From

the definition € = 1 + 4Ty ,we see that if € =1, X, = 0. Now if

1
we consider an electromagnetic wave with frequency w incident on a

collection of N classical harmonic oscillators with chargefmass
ratio e/m, characteristic ftequency w5 and damping time f, we have:

2 2
w -
o .

X, = Nez/h

1 2

®_

2
T

2
(a% - wz) +

A ‘
5 -

L2 2.2 o
(a% -w)° + TZ

2
X2 = Ne /h

We see that this implies that when € = 1, our incident light fre-
quency is passing through the resonance frequency of the oscillators.

We note also that in the region of plasma oscillations, n = k.
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enough to cause errors greaﬁer than +.5 in the deduced optical
constants, but that their sum almost completely cancels any ef-
fect. We have also assumed that we can combine the thickness
error derivatives into a single quantity | on + on by consider-
% 3l
ing da = da'. The experimental motivation in this case, however,
is less clear than in the former, although if we measure the thick-
ness by infrared transmission, the justification becomes the same
as above. Again we have the possibility that our means of pre-
sentation unduly favors the two thickness, two transmission method
because on = on with their signs opposin Figures‘3-16
S| 52 . gns opposing.
and 3-17 show the behavior of the combined error derivatives with
wavelength. They are plotted as a family of curves for represent-
ative thickness pairs. Note that, although there are no singu-
larities in the region noct'nz = k2 + 1, almost every curve has at
least a relative maximum in this area.

We see ﬁhat there exists the possibility of choosing an
optimum thickness pair with which the effect of experimental errors
on the deduced optical constants will be minimized. In fadt, for
a =100A, a' = 3004 or 400& , the combined error derivatives have
values below the limits imposed by the considerations of Section
A-2. Therefore, it appears that measurements on pairs of films -
with.the above thicknesses would yield reasonably éccurate-vglues

of the optical constants.




thicknesses. This was the approach used by Brattain and Briggs [8]
and Gebbie [9] to obtain the optical constants of germanium films.
In reality the method requires four measurements altbgethér as one
must also determine the thicknesses of the two films involved.
The appropriate equations are:
T = T(n, k; A; a) ‘ (3-22a)
T'= T(n, k; A; a') ‘ ' : (3-22b)
where the functional dependence of the r;ght-hand side i§ given
by equations (3-4) and (3-6b). The left-hand side represents the

experimental or measured quantities.

2. Error Derivatives

Following the method of Section A-2 we may write the appro-

priate differentials as:

dn d ., ., O, o, , .

dn = BT_dT + BT’dT + s; da + sz'da (3-23a)
ok ok ., , Ok dk \ )

dic = $dT + S2AT' + S da + $Eda’ (3-23b)

Almost tﬁe entire discussion of Section A;2 as it applies to the
method of findiﬁg the error derivatives is valid here. Also, the
root~locus approach as given in Section A-2 may be brought over

to this method if so desired. Furthermore, we could consider the

two thickness, two transmission technique with the aid of the simpler

film models; however, such an attack does not seem to yield any
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just what is predicted by the simpler model, even though n2 = k2+ 1
violates one of the assumptions of its derivation. On the other
hand, that interference is not éntirely without its effects {is
demonstrated by the 300A film for A = 3900/.. Here we héve a con-
dition of near tangency for n2 # k2+ 1.

Figures 3-10, 3-11, and 3-12 present eRT and the magnitude of
the error derivatives as funccions of wavelength for the four thick-
nesses mentioned above. These figures confirmsin detail our preF
vious discussion on the root-locus diagrams. In addition, we see
that for short wavelengths the behavior is fairly independent of
thickness, except for the 300A case where the error derivative
singularity is shifted to longer wavelengths. At these longer wave-
lengths, the effects of interference become more apparent. Note
that for the complex model of equations (3-4) and (3-6), singular-
ities can appear in all the.error derivatives.

In order to gain some feeling for the wavelength ranges over
which reasonable experimental errors in R, T, and a would lead to,
unreasonable errors in.n and k the bar diagrams Figs. 3-13, 3-14,
and 3-15 were constructed. The choice of a‘"reasonable experiméntal
error' is somewhat arbitrary. Hdwever, one éan generally conclude

that an absolute error in n and k of no greater than .5 is necessary

if one is to approach the accuracy of the dispersion analysis. For
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n = nR(k) (3-20a)
and for (3-19b) another:

n = nT(k) . (3-20b)
E uations (3-20) are curves in the n - k plane, and the points at
which they intersect are the simultaneous solutions to equations
(3-19). The equations (3-20) will be called the root-locus equa-
tions. The root-ldcus of equation (3-9a) is a circle of fadius
2 Jk/(l- R) and center at n = (1 + R)/(1L - R), k = 0. On the other
hand, the root-locus of equation (3-9b) or (3-10) has no simple form.
However, if tﬁe absorption is high enough, n has roughly a decaying
exponential dépendence on k. Let us now recall that the magnitude
of the vector product of two unit vectors is equal to the sine of

the angle between them. Applying this fact to equations (3-19),

we obtain:

VR X VT

=i T @ @1

Thus we see that when J = 0, 6

sin @

g = 05 of that curve (3-20a) ceases
to intersect curve (3-20b). Instead, the two curves become tangent
to each other thus leading to a highly unstgble condition with‘fe-
gard to the dependence of the derived n and k on the experimental

errors in R and T. If the errors are such as to prevent any inter-

section or tangency at all, then we have no real roots. This is

3-14

(3-21)
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the vanishing of the Jacobian, and that it is this quantity we
should scrutinize. Although the above formalism has been developed
primarily for the more intractable film formulas, it will be in~
structive to examine briefly the explicit derivatives and the

Jacobian for equations (3-9a) and (3-10) which are:

g_ﬁ = 4 -1 - /1A + 0?4 ad? S (a7
%E = Enk/[(1 + 2 + 1271 (3-17b)
T omz ™ n2w? - - /1A + P+l (3-17¢)
T w64 ™ o [k +2ra+m? + kz]]/[(1+ 2+ 1273 (5-17d)
%% =0 (3-17e)
I.. 9“;’—“2-“— e /11 + n)? + K% (3-17£)
5= B 02 202 02yl (3-17g)

The corresponding error derivatives are:

&L My d) (e VG - - (3-18a)
g—'T‘ =210+ 0?2 B - - (3-18b)
LA arw? i) . s (3-18¢)
& D rarwied? . A (3-184)

641" a
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~possible. If we examine the germanium optical constant curves of
Figs. 1-3b we see that equation (3-13) is satisfied near A\ = 3000A,
and that the T vs. R representation plot shown in Fig. 3-5 for a
300A film indicates that near this wavelength small changes in

the experimental values of R and T may determine whether or not n

is real. We might add that the equivalent to (3-13) for the dielec-

tric constant € is €, = 1 and €, = 2k sz +-1

1

2. The First Order Error Derivatives for Germanium Thin Films.

In general, we are not able_to obtain n and k in terms of R
and T explicitly as we did in equations (3-11),and some sort of
numerical operations must be performed in order fo find the optical
constants. However, regardless of the numerical procedure actu-
ally used, we shall want to know in principle how experimental
errors in R and T affect the error in the derived optical constants.
Therefore, we write the following equations in terms of the first-

order error differentials:

dn = on dR + 93 dT + 5“ | (3-14a)
3R aa -
Bk Bk |

dk > @R+ 3 a L 3, da | (3-14b)

It is to be remembered that in the mathematical context of the
problem we treat R and T as the dependent variables, n and k as

the independent variables, and a and A as parameters. Now, because
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We shall now state two important approximations to equations
(3-4) in order to discuss qualitatively some of the results to be
derived numerically and empirically from these equations. In doing
this, the presence of the substrate backing will be neglected com-
pletely as it has no importance in ahy'qualitative discussions,

Equations (3-4a) and (3-4¢c) become,respectively:

(CE -za_)z |
N e2 - e 2 + 4 Sin2 ) (3-8a)
Qa - 0a\2 a
(ez RN e 2) + )Y sin2(¢ + V) '

16 (nZ + k%) -

T = -
[(1+n)? + k272

1

2
2 _RjV. 2) + 4RY sihz(cp-l-\y)

X ( aa — , (3-8b)_
e

where RN, ¥, ¢, and O are given by equations (3-4d), (3-4f),
(3-4i),‘and,(3-4h),respgctive1y. One important approximation
deals with the case of very strong absorption where the absorp-
tion damps out interference effects. This is the case where k

is of the order of n and eaa >> 4, 1In the wavelength region be-
low 3500 for a 3004 germanium film,ﬁhis is a very good approxi-
mation. Applying these considerations yields:

N -v(l - n)2 + kz

R = R (3-9a)
(1 + )2 + K2
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T = Tpg(l -Ryg) +Tpg Ryg Rpg(l =Ry o) +T oo Ryo Rpo Ryg Rpg(l =Ry} + -e

or
T..(1 - R,.) ,
T = 2 AS (3-6b)
As RFs | | |
where 2
(1 - ns)
R I ——— (3'7)
as = . “5)2

For the materials studied in this work,we may put typically for

the purpose of ascertaining the degree to which the finite sub-
strate correction influences the results TFS = 10_1, Rpg = .50,

RAS = .03. We then have an additiye factor of 3- 10-4 to the re-
flectivity R and the multiplicative factor .97 to the transmissivi-
ty T. Only the factor for T can possibly be expected to amount to
anything greater than the experimental error; however, since the
inclusion of the finite substrate effect does not complicate anyt
of the analysis to follow, we will keep it for the sake of com-
pleteness.

Figure 1-3b shows the opfical constants of germanium derived
by Philipp [2]; The result of subsgitutiné.these constants into
equations (3-6) is given for T in Fig. 3-3 and for R in Fig. 3-4.
The curves are calculated for films ranging in thickness from 504
to 5008 in intervals of 50& . This covers the usable thickness
range in which one can perform transmission experiments. These
curves prove to be invaluable for planning experiments.and for

quickly interpreting the measurements.




N (n_ - n)2 + k2
R, = —=2
FS (ns + n)2 + kz
-1 2k
¥ = tan
FA n2 + k2 -1
-1 Znsk
¥ = tan
FS nZ + k2 - n
4k
@ =3
_ 2Tna
® = X .

(3-4e)

(3-4£)

(3-4g)

(3-4h)

(3-41)

This is the form usually found in the literature [4, 6]. An even

more explicit form is that derived by Harris and Loeb [5]*:

P~

~ ma .2
|n(1 -n_) cos Zg?a - 1(n -3?) sin Zg?a |
R = s , s
FA ‘ ~ 2
~ 2TMa - ~2 27mna
|n(14—ns) cos =5 - i(ns4—n ) sin 5 I
~ 2Tha S~ . 21a 2
C . |n(ns -1) cos 5 - i(ns -n") sin o) |
FS : ~
~ 2Tma ~2 . 2Tna 2
|n(14—ns) cos =x— - i(ns4—n ) sin N I.
: 4 n Iﬁwz
T.. = S
FS 27a 2 2iva 2
|n(1+ns) cos “5— - i(ns+n ) sin 5 |

.(3=5a)

(3-5b)

(3-5c¢)

1-

reference [5] contains a rather obvious sign error.

It should be pointed out that the denominator of equation (4) of
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+2fi%a
Prs ¥ Par ©
r.. = _
FS +2ikga
1+ 0p, Psp ©
+f§ a
Tt e T
FS 'AF
t ™ S
FS +2iKa
L+ 0p, Pgp ©
+f§ a
‘T T e F ~, 2
_ FA SF (n)
Eew = — =
SF +2ikgpa n,
1+ ppg Pgp ©

where we have made use of the following results of Chapter Oné,

Section B-1:

Pra =

SF

FS

T =

AF

Trs " Psp T !

TaF " Pra = !

From equations (l1-16a) and (1-23) we obtain the following rules

for the intensity reflectivity and transmissivity coefficients

of the model in Fig 3-1.

(3~1b)

(3-1c)

(3-1d)

(3-2a)

(3-2b)

(3-2¢)

(3-24)

(3-2¢)

(3-2f)
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particularly when the height of the aggregates approaches the

average film thickness. When the mean thickness is only a few
dozen atoms, the picture of a film as an isotropic, homogeneous,
plane parallel-sided layer is no longer valid. Hence, any refer-
ence to "film thickness'" will always imply some sort of average
thickness.

We used simply the infrared transmission of the film to ob-
tain’its thickness. 1In this region k = O, and because the films
are epitaxial, the bulk refractive index can be used with a high
degree of confidence. The index of refraction of bulk single
crystal germanium has been measured by Cardona iﬁ the wavelength
region 1.8g to 5.5u4 [24], and there is evidence that these valdes
hold also for polycrystalline germanium [25]. We measured the
transmission at 1.84 and 2.0u, used Cardona's values for n, and
inverted equation (3-6b) to find the thickness. Measurements
were made at several different positions on the film surface and
the results averaged. (The rms deviation was usually about 104
to 204). Fortunately, the transmission varied quite rapidly over
the thickness range of interest -- the films were much too thin
for interference fringe ﬁethods == 80 ﬁhat the thickness to trans-
mission variation was about 104 /% with T being measurable to with-

in one percent. We feel that this method gave satisfactory results.
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and roughness. However, we should point out that, to date, no
one has claimed to make a smooth epitaxial film of germanium on
CaF,.

The effect of ambient pressure on the surface topography and
crystallinity of the films has not been extensively studied and
those results that have been reported seem to be in conflict.
Catlin, et al.[14], report that ambient pressures of 10-9 torr
allow epitaxial deposition at lower substrate temperatures for a
given deposition rate than had been previously observed. Con-
versely, it has also been reported that a poor vacuum enhances
epitaxy [22].

Figure‘2-7 is a photomicrograph of the‘surface of one of our
films. The dark area is the substrate and the speckled area is
the germanium film. Dark field illumination was used to bring
out the surface detail. This film was grown at a substrate tem-
perature of about 700°C and with a deposition rate around 1004 /
min; that is, under condiﬁions favorable for the formation of a
rough growth. To the casual observer, the film looks quite shiny,
however, more intensive investigation reveals the effect discussed
in Section A-4. It is hard to estimate the size of the aggregates
from Fig. 2-7 alone, but they appear to be at least a few thousand
A in width. The height is even more difficult to resolve. Sloope

[19] indicates that for some films the thickness variation may be
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obtain the spot and ring patterns typical of Figs. 4-6 and 4-8. That

this is so,can be seen by imagining the projection pattern caused
by randomly rotating the reciprocal lattice about the (111) di-
rection and noting the various intersections with the Ewald plane.
In addition, if we randomly rotate the reciprocal lattice in all
possible directions, including (111), we will generate the well-
known ring pattern common to powder X-ray diffraction analysis.
In Fig. 2-6, we have a sequence of RED patterns shoying
various stéges in the growth of the epitaxial film. These were
made with thé Via apparatus described above during the initial
Iperiod of this research. We see that th; start of epitaxy is im-
mediate and continues throughout the growth of the film. The sub=-
strate pattern is rather obscure because CaFy is a dielectric and
tends to become charged and repel the incident electron beam. The
sudden appearance of the germanium Laue pattern when the substrate
is exposed to the germanium vapor stream is probably due to the
rapid development of nucleations on the crystal substrate surface.
As the film‘grows and becomes more or less continuous, the Laue
pattern spots should become slightly elongated. Figure 2-6 indi-
cates that this is the case. The elongation may be attributed to
a refractive shift of the pattern caused by some sort of wavy sur-
face on a thin layer of finite thickness, whereas the sharp spots

are caused by transmission through discrete nucleations. This
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intercept the reflected beams we will obtain the well-known Laue
pattern. For the very high energy electron beams that are used
for RED, the wave vector of the beam becomes very much longer

than the distance between points of the reciprocal lattice. For
example, the magnitude of a 75 kV electron beam is about 100 times
greater than the reciprocal lattice constant of germanium. There-
fore, with respect to any given portion of the reciprocal latﬁice,
the Ewald sphere may be considered a plane. This means that for
én electron beam incident along a symmetry direction there will
appear on the film a projection of the reciprocal lattice points
lying in the plane normal to this direction. In the RED technidue,
the incident electron beam strikes the surface of the sample at a
glancing angle and penetrates only a small distance normal to the
sur face before undergoing reflection. However, the total path
traveled in the crystal is much greater than this depth; there-
fore, because of this fact and the very small angle of incidence
it is possible to discuss‘RED patterns as actually transmission
diffractograms.

Figure 2-6 shows the RED pattern for an epitaxial Ge film whose
sur face vector is of the (111) type with the electron beam incident
in a (110) type direction. 1If one had a polycrystalline film whose
sur face vector was mainly (111) but whose azimuthal vectors were

randomly distributed among the individual crystallites, one would
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to temperature as fast as the thermal inertia of the heater would
allow. For epitaxy to result, the temperature would have to ex-
ceed 550°C as read by the substrate thermocouple. During this

time there would be little or no rise in pressure. The substrate
would then undergo bake-out for a short period, usually 15 minutes
to an hour. The source would next be heated to an appropriate
level to produce a desired deposiﬁion rate. This could be esti-
mated by observing the darkening of a monitor microscope slide at
the same distance from thé source as the substrate. The power
dissipation of the source and substrate heaters was recorded in
order to maintain resetability. When the desired evaporation rate
was reached, the shutter shown in Fig. 2-2 was opened by means of

a rotary mechanical feedthru in the vacuum system baseplate. The
shutter remained opened for a predetermined time interval before
being closed. Then the source heater would be shut down and the
film would be given a short S-minute post-anneal treatment at its
formation temperature before being cooled. During the evaporation,
the pressure would usually rise to 1 to 3-10-6 torr. The procedurg
described above, with minor variations, was the one used to produce -
the films from which the‘Optical data reported in this work were

taken.







3. The Harvard Apparatus. Deposition Procedu:es.

The first epitaxial films of germanium on CaF, were made‘by
Via and Thun [11] and Marucchi and Nifontoff [12]. The most ex-~
tensive investigation to date into the formation conditions and
structure of this film-sgbstraté system has been done by Sloope
and Tiller [13], although several other works have also been re-
ported [14-16]. In each of these efforts, essentially the same
technique was used that is about ﬁo be discussed here in conjunc-~
tion with our work. What will be referred to as the Harvard ap-
paratus has actually undergone a continuous evolution during the
course of this work. The changes made were not in technique but
were rather improvements in the convenience of operation. Hence,
for purposes of general discussion we will refer to the schematic
of Fig} 2-1. The actual apparatus is shown in Fig. 2-2 with the
components relating to Fig. 2-1 designated therein. |

The substrate is mounted on a .020 -inch Ta plate with .005
inch Ta spring clips. This assembly is then heated by placing it
under a series of .Q15 inch diameter Ta wire heater coils. Figure
2-3 shows the actual substrate holder with a plece of CaF2 in
place. The substrate temperature was measured by holding a Pt;
Pt 10% Rh thermocouple on the substrate surface with one of the
Ta clips as indicated in Fig. 2-3. The Ta‘he;ter coils were
energized electrically from outside the vacuum chamber where the

current flow, hence temperature, was regulated.
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and then polishing both sides by the usual technique for prepar-
ing optical flats. Films depdsited on such substrates were found
to be of good crystalline quality but of very poof oﬁtical quality. .
Microscopic examination of these polished s#bstrates showed that
although they appeared highiy pdlishéd to the naked eye they in-
variably possessed a surface roughness comparable in size to the
final grit that was used in the polishing operation. This rough-
ness had a highly degrading effect on the ultraviolet optiﬁal
properties of a film deposited thereon (see Chapter Four for ad-
ditional information). It appears as if cryétalline materials
with highly ionic bonds cannot be polished by conventional methodsl‘
We therefore decided to use cleaved slabs as our substrate medium.
Although these substrate surfaces are rough macroscopically due to
the presence of many cleavage steps, they are smooth microscopic-
ally on the exposed atomic planes. The cleavage steps cause at
Athe most a constant error in the optical response of the film
which can be minimized by carefully aligning the éample in the
optical apparatus (see Chapter Four). The cleavage operation is
per formed by holding the block firmly in suitably jigging, align-
ihg.a razor blade parallel to the cleavage plane at the required
point albng the length of the crystal, and striking it sharply

with a small hammer. Sometimes several attempts were reduired
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The space group Oi, common to the alkali-alkaline earth halides,
is of two types. For the alkali halides we have the so-called
NaCl structure,while for the alkaline earth halides we have the
CaF; structure. The CaF, structure is the same as the diamond
structure, except that now the empty quarter-diagonal positions of
the latter are occupied in the former. Both structures are suita-
ble for the epitaxial growth of germanium; however, because the
CaFy structure has a (111] type cleavage which is the natural
direction of growth for germanium, it is slightly more preferable
than the NaCl structure which has a (100} type cleavage.

(b) As the germanium bond is non-ionic in character, a

reasonable match of its lattice constant to that of the substrate

is to be demanded. Just how close we have to be can only be found

by experiment; however, other considerations being equal, the:
closer we can come, the better.
(c) Because the subsgtrate must Se heated, it must be able
to withstand the temperature necessary for epitaxial growth with-
out undue deterioration. Since.this temperature runs between 500°
and 700°C; the melting point of tﬁe substrate should be considera-
bly above this range. Unfortunately many of the alkali-halides
undergo appreciable evaporation well beforevtheir melting points.
(d) Again because the substrate must be heated, its linear

thermal expansion coefficient becomes an important parameter.
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substrate that can be tolerated. For example, it is far easier
to obtain epitaxial growth of the alkali-halides than of
germanium.

(c) The film grows by the formation of discrete nuclei with
the bulk lattice structure which are scattered over the substrate

sur face. The growth continues by the enlargement of these nuclei

until they grow together forming a more or less homogeneous film [3].

At present, three techniques are used to produce epitaxial
films. These are vapor deposition, cathodic sputtering and vacuum
deposition. Vapor deposition involves.a chemical reaction between
an appropriate suﬁstrate and a gas atmosphere contéining a com-
pound of the material to be deposited as a film. One of the more
popular methods uses the breakdown of a halide gas of Ge or Si at
the surface of a substrate of similar material [5]. This technique
works well when the film-substrate system is among the group & or
3-5 semiconductors. As mentioned before, cathodic spﬁttering is
making a comeback as a means of producing epitaxial films [6];
however, the predominant method is still vacuum deposition. The
only major change in this method that has occurred since the pre-
epitaxial era has been to heat the substrate. It has been success-

ful for a very large number of materials besides semiconductors [7].
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Chapter Two
THIN FILM FABRICATION

A, REVIEW OF METHODS OF FABRICATING
THIN GERMANIUM FILMS

1. Pre-Epitaxial Methods.

The development of methods for the productioﬁ of thin films
for optical studies prior to the pre-epitaxial period is discussed
by Heavens [1] and Holland [2]. These methods, which have much in
common with post-epitaxial methods, consist of primarily three
techniques, which, listed in their historical order, are electro-
lytic deposition, cathodic sputteriﬁg, and vacuum deposition.

Let us first, however, define ﬁrecisely what we mean by the
term "epitaxial." An epitaxial film is one whose azimuthal orien-
tation and normal di;ection of that crystallographic plane which
lies parallel to the substrate surface ié congruent to the same
crystallographic plane in the substrate. For example, if one has
a slab of CaFy, whose crystal symmetry is cubic, in which the sur-
face crystallographic plane is of the (111} family with a {111)
type direction normal to the surface and {(110) and (211) type di-
rections lying in the surface, the crystallographic orientation

of a germanium film grown epitaxially on such a surface will be

defined by these exact same indices. Sometimes the term “‘single

crystal” instead of epitaxial is used; however, in view of the

»
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be discussed in the next two subsections.

3. Results Prior to 1950.

This date roughly marks the beginning of the periéd when the
importance of the crystal structure of the films with regard to
their optical properties started to be stressed. The results
prior to this date are now discussed.

The first results reported for the optical constants of ger-
manium thin films were by O'Bryan [7] and are displayed in Fig.
1-5a with those of reference 6. They bear little resemblance
to each other. O'Bryan's work was quite early (1936)‘and his
films were of undetermined'crystalline quality (probably amorphous).
He calculated the optical constants from reflectivitykmeasurements
at different angies of incidence. |

The next data were taken by Brattain and Briggs .in 1949 [8];
they are shown in Fig. 1-5b. Again we have depressingly little
correspondence with the later Kramers-Kronig results. Their films
were deposited on glass; quartz, and CdFp slides which were some-
times heated to 150°C during evaporation. After depositioﬁ,the
films were post-annealed at 400°C but no attempt was made to
measure the influence on crystalline perfection (the results of
Chapter Four indicate that these films were probably amorphoué

or nearly so). The optical constants were calculated from the

film reflectance and transmittance.
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E. REVIEW OF THE ATTEMPTS TO DETERMINE THE OPTICAL

CONSTANTS OF GERMANIUM THIN FILMS

1. Skin Depth of Germanium.

In order to gain an appreciation of the sample thicknesses
that must be considered when contemplating the transmission of

light through germanium, Fig. 1-4 was constructed from the data

of reference 6. The skin depth was calculated directly from k

with equation (1-25b). We see that at the %, X transition at 28004,
the skin depth is only about 40A which for germanium is merely

eight interatomic distances. Assuming a lower limit for the

, -3 . .
measurement of transmission of 10 ~ imposes a maximum sample

thickness of about 300A or 60 atoms. Obviously such samples are

impossible to obtain through reduction of the bulk material by

conventional grinding and polishing.

2. Preparation of Thin Films.

The main discussion of this topic will be given in Chapter
Two. Here we wish briefly to indicate how the problem of prepar-
ing thin samples is overcome. The general procedure is to heat a
piece of bulk germanium in a vacuum to such a temperature that it
begins to vaporize appreciébly. A suitable transparent substrate
is placed in the vapor stream so as to cause a film of germanium
to be deposited on it. Thé thickness ié varied by varying the ex-

posure time. This procedure is that which was used in the work to
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(3], and these constants are also given in Fig. 1-3b along with

the previous values. Therefore, by comparing the reflectivities
shown in Fig. 1-3a with the optical constants derived therefrom
in Fig. 1-3b, we can say that for germanium at least, it appears
that variations of 2% to 5% absolute in the reflectivity will
cause variations up to one-half of an optical constant in the
Kramers-Kronig.result.

The dispersion analysis method is presently being widely used
to obtain thé optical constants of solids. It has the disadvantage
that one has to use extrapolation procedures, but it remains to
be seen how sensitive the results really are to them. In addition,
sur face conditions can vary widely. 1In Fig} 1-3a, Philipp's and
Taft's data were taken from a polished and etched sample as was
that of Tauc and Abraham; whereas, the data of Donovan et al., were
obtained from an electropolished sample whose surface Qas of both
high optical and crystalline quality. ‘The reflectivity data of
Donovan, et al., can be considered authoritative and the optical
constants calculated from them by Philipp will be taken as the

standard for this work.

3. Photometric Measurements.

By photometric measurements we will mean those methods which

measure light intensity ratios such as reflectivity and transmission.
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the input may be a current and the output a voltage, the response
function Ehereby being an impedance. The system equations are
usually written in terms of their Fourier transforms, namely,

E(w) = Z(w) I(w), where in general all three quantities are com-
plex functions of the complex variable w. However, the real and
imaginary parts of the impedance are by no means indgpendent of
one another [23]). This is because the condition of céqsality re-
quires that Z(w) be analytic in some half-plane of the complex w
plane, thus allowing us to integrate the Cauchy-Riemann equations,
which express the real and imaginary parts of Z(w) in terms of each
other, by means of Cauchy's integral formula. In optics,we can
consider equation (1-29a) as being analogous to our Ohm's law’
above, with p being the linear response function. . If we express

p in the form of equation (1-32a), enforce the physical requirement
that its inverse Fourier transform be real, and apply the reasoning

outlined above, it can be shown that [1]:

- 1-n gzw;! dw' -
V) = 2 = (1-39a)
o of o2

® - . - X
In R(w) =2 [ @ “'(“"; “’2“’(“’) do' . (1-39b)
T % o'l - ‘ ‘
Fur thermore, equations (1-32b) and (1-32c) can be inverted to

give: : :
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this reflectivity peak is very sharp. The small peak near 21004

has tentatively been assigned to the L3, - L3 transition, which

is not explicitly shown in Fig. 1-2.

D. REVIEW OF THE METHODS OF DETERMINING
THE OPTICAL CONSTANTS OF SOLIDS

1. Polarimetric Measurements.

This method was originally formulated by Drude [20] and has
been used by Archer [21] to obtain the optical constants of ger-

manium over a limited wavelength range. It involves the use of a

beam of plane polarized monochromatic light in 45° azimuth obliquely
incideﬁt on a reflecting surface., This Beam may be thought of as
" two in-phase orthogonal plane wave components of equal amplitude;
one in the plane of incidence and the other normal to it. After
reflection, these components will be out of phase by the angle A

and the ratio of their amplitudes can bé expressed by the quantity
tan ¥. The dependence of these quaﬁtities oﬁ the optical constants
is given by [211:
3

1 - e1A tan ¥ _ Iﬁz - kzsinzm - i 2nk

1+ e tan () L tan ¢ sin ¢

where ¢ is the angle of incidence. The reflected components are

(1-38)

brought back into phase by a Babinet-Soleil compensator which is
essentially a tunable quarter-wave plate. This yields A while

rotating an analyzer to an extinction position for the now plane

o
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C. THE BAND STRUCTURE OF GERMANIUM

The band theory of covalent semiconductors has become well
established during the past decade. It appears to give an ex-
cellent description of their optical properties for energies at
least up to 20 eV. Much of our knowledge about the band struc-
ture of materials has been gained through experiment; however, we
have usually been limited to exploring only those portions of the
band that lie near symmetry points of the first Brillouin zone.
The advent of the pseudopotentidl method [14] now allows a fairly
accurate theoretical description of the band structure in a region
of about 10 ev about the energy gap. These calculations have been
a great aid in the interpretation of the visible and ultraviolet
optical spectra of semiconductors [15].

The pseudopotential energy bands of germanium have been cal-
culated by Brust [15] and are shown in Fig. 1-2. The notation used
to label the bands and symmetry points is that of Bouckaert,
Smoluchowski, and Wigner [16]. Also shown in Fig. 1-2 are some
of the important interband transitions. In order to demonstrate
their connection with the reflectivity'spectra of bulk germanium
shown ip Fig. 1-3a, we will outline how one proceeds from the
theoretical band atructﬁre to the deduction of the optical con-

stants. Let us consider the following simplifications to equation

(1-34):
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The one-electron formulation makes contact with the macroscopic

theory through the definition of the quantum mechsnical current

' i
density:

3" = e+ 2 a) | (1-33)
and through the assumption that the J' of this equation is iden-
tical to that of equation (1-11). Here e is the electronic charge
and m its mass, while p is the momentum and A is thé vector poten-
tial of the local field. The procedure is then to calculate the
expectation value of the canonical momentum p + % A in a suitable
representation to terms linear in the electric field and apply
equations (1-11) and (1-14) to obtain € from which the optical
constants can be found by equation (1-22). The right-hand side
of equation (1-33) has been evaluated by Ehrenreich and Cohen
using density matrix methods [12]. Their method included many
body effects by describing them as the interaction of a single
electron with a self-consistent electromagnetic field. The dielec-
tric constant which results for a Bloch representation and an in-
cident field whose wavelength is much greater than the interatomic

spacing is as follows [12]:

2
(e mw ]~ AL 3 ! W
€(w) = 1 S—Ll—m [ @Rz, £ 0 £,
: ' 2 2 -2 -1
y (W™ =Wy, = Ty 1207,

(1-34)

[(w - (dzz|)2 + 72-51:”3(‘!"" wzz|)2 + ‘rzzz!]
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In view of equation (1-24), we need only consider the optical

response barameters for the electric vector. Defining the com-

| i
plex reflectivity and transmissivity coefficients as

|

Ep
p =5 (1-29a)
i
| E
t
T E‘E- (1-29b)
i ,
respectively, we have immediately from equations (1-27), (1-28),
3
and (1-195:
'k, -k, @, -n
p = Nl ~2 = ~1 ~2 (1-30&)
-kt kg mptomy | |
2K 2n
T ! L. (1-30b)

IRy + Ky nq + ng
The present work is concerned with fhe gsituation where medium 1

is a dielectric with index of refraction n and medium 2 is a con-
ductgr with complex index of refraction n. Also, we will now con-

centrate on p alone as T and p are related by the expression 7-p .

= 1. We then have:

ns - n - ik
P =-ns +n+ ik " (1-31)
I1f medium 2 is a dielectric with greater optical density than
medium 1, then we see that p is negative. This implies that

under this condition the reflected electric vector undergoes a

phase change of 180°. It will be convenient for the development
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The derivation of the optical response parameters, the re-
flectivity and transmissivity coefficients, from the boundary

conditions (l-4) will now be considered. 1In view of the fact

(1-28)

#
\ !
that all of the optical measurements in this work were taken : {
- l
near normal incidence, only the normal incidence case will be :
explicitly derived. It provides a very good approximation for
angles of incidence up to 10° and even further if the light is ‘ ?
unpolarized [2]. Referring to Figure 1-1, it is seen that the é
appropriate field vectors are as follows:
- ; iilx -iElx - . E
E, = lqui e +E_ e ] (1-26a) ) |
_ iT('lx ‘i’f(‘lx - ‘t
Hy lz[Hi e +H e ] (1-26b) , |
E, =1 E, e X (1-26¢) |
=2 sy "t _ L
By =1 H elfe | (1-26d) .
-2 -z ot |
where the subscripts 1 and 2 denote the medium, and the subscripts
i, r, and t the incident, reflected, and transmitted complex ampli-
tudes, respectively. Application of boundary condition (1-4b) 5
yields \
- -E = - f
E,-E, -E =0, (1-27) ']
and application of boundary condition (l-4c) in conjunction with. |
equation (1-16a) ‘gives: ‘ | i qi
¥E -%E +%E =0 Vw
|



~

Equation (1-18) shows that the wave vector k must be complex. By
analogy to the case of plane waves in dielectric media we may de-

fine the complex index of refraction through the relation:
~= 1 Q =~Q
k = (n+ ik) c lk ngol

where lk is the unit vector in the direction of propagation of the
wave, n is the real part of the complex index of refraction, or
simply, the index of refraction, and k is the extinction coef-.
ficient. Unfortunately, there now arises a notational difficul-
ty between E the wave vector and k the extinction coefficient.
However, it should be noted that almost always the context of
the discussion should Be sufficient to allow one to differentiate
between the two. Substitution of (1-19)finto (1-18) yields:

;2

If we write € = €+ i €,, we obtain:

€, =n° -k ' : (1-21a)

€

Relations (1-21) are very useful as it will be seen that optical
measurements are better interpreted in terms of n and k while e1
and €, more easily describe the properties of the media in terms

of its microscopic structure. The inverse equations for (1-21)

are:

K (1-19)

=€ . ’ (1-20)

5 = 2nk . : (1-21b)




dielectric constant linear operator becomes the well-known complex

dielectric constant,

~ R 4 o
€ = ¢ + 1 S19 .
w

The same analysis can be carried out for the conductivity by de-

fining a new current density by the relation,

| &

- 1
=t

[e%4

t

al
[}

Q
+

and for

Jo]
4
]
Fe]
O
~~
]
g
~r
-

~ . WE
g =0 =15 .

The relationship between the dielectric and conductivity oper-

ators can then be found from equation (1-1b) to be:

~ €2
T4 ot

We will now apply a plane wave solution to Maxwell's equations

(1-1) of the form

] e
il
1t
(1]
ol
~
I=2
| a]
1
e
ctr
S

(1-9)

(1-10)

(1-11)

(1-12)

(1413)

(1-14)

(1-15a)

(1-15b)



the total current density, and p the total charge density. The
equation expressing the conservation of charge is

L%

vei= ot

and the power flow is given by Poynting's vector, viz.,

§ = =~ (ReE X ReH)

- 41 - =
Expressions giving the relationship between the electromagnetic
field vectors on each side of a discontinuity in the material

medium will be needed in order to derive the optical response

coefficients. The appropriate equations are [1]:

1-(8, - §1) =0
lX(I;IZ - 1:.31) =0
Ex(‘jz = ijl) = is
1-(, - 91) = Qs

where 1 is the normal unit vector from medium 1 to medium 2, is
is the surface current density, and Pg 18 the surface charge
density, both being externally introduced quantities. In this
work, we will only consider radiation incident on boundaries con-
taining no such charges.or currents.

In order to introduce in an explicit way the manner in which

the material medium generates D and B from E and H, the following

relationships are usually defined:

(1-2)

(1-3)

(1-4a)
(1-4b)
(1-4c)
(1-4d)

1-4
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alkali-alkaline earth halides. It is the purpose of this report

to demonstrate that the use of epitaxial films, although by no
means a panacea, now allows the measurement of the optical proper-
ties of materials in the film state which can be extended to'and
correlated with the optical properties of materials in the bulk
state. The problem undertaken for detailed study was the deter-
mination of the optical constants of germanium from measurements

of the reflection and transmission of thin epitaxial films. The
results are compared with those of other experimental methods to
calibrate the accuracy of the film optical constants and illustrate
the strengths and weaknesses of the film method.

This chapter will be concerned on the one hand with supplying
the theoretical foundation for the reqearch and on the other with
reviewing attempts which have been made in the past to determine
the optical constants of germanium films. The experimental and
theoretical work explored the wavelength range 2000 A to 6000 &.

Chapter Two describes the techniques of film production,
especially.those yielding epitaxial films. Analysis of the film
crystal structure by reflection electron diffraction (RED) tech-
niques, and examination of the film surface topography by optical
microscopy are also discussed.

In Chapter Three the full theoretical development of two

photometric methods for the calculation of optical constants of

1-2

o »




Xv

their consideration as vehicles for further optical research into
the high energy, high absorption spectral regions,
(2) The use of epitaxial semiconductor films to calculate

optical constants will supplement, but not supplant, other methods

such as polarimetry and dispersion analysis.

[ — SIS




ABSTRACT

This report describes an investigation into the optical proﬁ—

‘erties of thin germanium films. The central topic is the deduc-

tion of the optical constants from photometric measurements on
epitaxial films on CaFy in the wavelength range 2000 - 60002.
Methods of film production are discussed,and the effect of depo-

sition parameters on the crystallinity and reflectivity of films

on fused quartz and CaF, are reported. The principal conclusion

is that epitaxial films give excellent agreement with bulk single
crystal material as regards interband transition structure in their

reflectivity and transmissivity coefficients R and T. However,

the over-all amplitudes of R and T for films are strongly governed

by residual surface roughness effects. These cause the magnitude

of R, in the region 2000 - 3500 A, to depart considerably from that

of carefully prepared bulk surfaces.

Theoretical studies are carried out on the accuracy of deri-

vation of the optical constants n and k from measurements of nor-

mal incidence R and T on a single film. Another model also con-

sidered is the recovery of n and k from measurements of the trans-

missivities of two films of different thicknesses. For each of

-

these methods,kthe first order dependence of n and k on the photo-

metric quantities was calculated using appropriate theoretical

equations and optical constants from dispersion analyses. The

xiii
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