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1. SOLID STATZ

1.1 SEMICONDUCTORS

1.1.1 Electron Probe Analysis of Semiconductors

AF-AFOSR-68-1414, Air Force Office of Scientific Research
D. B. Wittry, D. F. Kyser, J. H. McCoy, H. C. Marciniak,

T. Rao-Szhib and A. Van Couvering

Investigationr 2re being conducted in the following areas:
cathodoluminescence, electron beam modulated reflectance, surface
state densities, non-linear effects in cathodoluminescence electron
probe x-ray microanalysis and selected-area elzctron spectrometry. A
brief report of the present status and recent progress in these investi-

gations follows:

1.1.1.1 Cathodoluminescence of Semiconductors

D. F. Kyser, H. Marciniak and D. B, Wittry

Work on the ultrahigh vacuum chamber and beam column has
continued since the last semiannual report. With this system, we hope
to provide a clean "atmosphere' in which to study semiconductor speci-
mens with minimum effects due to contamination. The vacuum chamber,

manufactured by Ion Dynamics Corporation has been attached to an

-1-




Ultek TNB ultrahigh vacuum system. A pressure of 3 x 10‘7 Torr was
achieved after only a few hours of pumping and it appears possible to

-9
reach the goal of better than 10 " Torr.

With this system, it will be possible to vary the specimen
temperature from 20°K to 500°K using an Air Products and Systems
Cryo Tip refrigerator and an electric heater. A single magnetic lens
will be used to focus an electron beam on the specimen. A standard
ARL microprobe light optics assembly will be used to focus the lumines-
cence on a high resolution grating spectrometer. The first application
of this system will be the study of the temperature dependence of cathod-
oluminescence of semiconductors. Additional experiments planned
include electron beam modulated reflectance at low temperatures and
studies of the changes in surface recombination velocities with surface

conditions,

1.1.1.2 Electron Beam Modulated Reflectance of Se- iiconductors

J. McCoy and D. B. Wittry

As reported previouslyl, a focused eleci~on beam has been
used to modulate the reflectivity of germanium. Further experiments
have been made since the last semiannual report to determine the rela-
tive importance of excess carrier density and thermal effects. For
example, the amplitude of the modulated response has been measured
as a function of the beam current density, If the carrier lifetime is

constant, the amplitude of the modulated reflectance should vary as the




one third power of the beam density for an effect caused by excess
carriers. On the other hand, if thermal effects dominate, the modulated
reflectance should vary as the one half power of the beam density. A
one third power dependence was found over four orders of magnitude

1
change in the beam density. *

The heat transport equation was solved for the case of a
transient disk-shaped heat source on the gurface of a semi-infinite
medium.2 This model approximates the case of heating by a defocussed
electron bearmn which is pulsed as in the studies of electron beam modulated
reflectance. The time response was obtained from a digital computation.
These calculations have not ruled out the possibility of thermal effects
as a cause of the modulated reflectance since the response time was
found to be about the same as the expected carrier lifetime in germanium.
Further experiments are in progress to measure the actual excess
carrier densities obtained during electron bombardment. Hopefully
these experiments will give more insight into the physical basis for the

electron beam modulation of reflectance.

References

1. McCoy, J. H. and Wittry, D. B., Appl. Phys. Letters (to be
published Oct. 15, 1968).

2. Carslaw, H. C., and J. C. Jaeger, '"Conduction of Heat in Solids",
{(Clarendon Press, Oxford, 1947), p. 220.




Non-linear Cathodoluminescence of Semiconductors

1.1.1.3

T. Rao-Sahib and D, B, Wittry

The voltage dependence of cathodoluminescence has been

1 . . s
to measure diffusion lengths and surface recombination

previously used

velocities of n-type gallium arsenide, However, for p-type specimens,

the experimental results do not agree with theory, or appear to indicate

unreasonably low surface recombination velocities (e.g., S = 0) or

unreasonably large space charge depleticn layer widths {i.e., d = . 4u

in heavily doped material).

Most p-type gallium arsenide has exhibited a non-linear

relation between luminescence intensity and electron beam current at

Modifications to the theory for a one dimensional case

constant voltage.

can be made to account for this non-linearity, but we have not been

able to construct a saticfactory theory fo: the three dir. ensional case.

For this reascn, we have attemnted to use experimental conditions that

This is done by

more ciosely approximate the one dimensional case,

irradiating a large area of the specimen and using a seclected area aper-

ture in the plane of the image formed by the cohjective lens; that is at

Two cases have been examined,

the entrance slit of the monochromator.

namely, a) a beam diameter of 180 u and a selected area corresponding

to27u by 27 4, and b) a beam diameter of 72 U and a selected area

corresponding to 54 by 5. The experimental results obtained on a

8 3
/cm”) ars summar-

Zn doped GaAs specitnen (carrier concentration 10

ized in Table I.




Table 1

power (ImW) Average exponent m S d/L L(u)

Case a 5 1.0 10 0.033 0.8
50 1.2 10 0.033 0.75

Case b 15 1.2 50 0.033 0.96
40 1.4 50 0.033 0.8

It can be seen from Table I that the values obtained with
various power levels are consistent. This is due to the use of calculated
curves that take account of the appropriate exponent m in the relation
1=i" wherel is the intensity and i is the current at constant voltage.

In each case, the average value of the exponent m is determined for the
power level actually used in the voltage dependence curves. The fit of
the experimental curves to the calculated curves is within experimental
error for the cases shown in Table I, indicating some progress in our
understanding of the voltage dependence of cathodoluminescence of p-type
GaAs. Further experiments are planned on p-type specimens of GaAs

with various doping levels.

References
1. Wittry, D.B., and Kyser, D.F., J. Appl. Phys,. }_8_. 375-382 (1967).

2. Kyser, D.F., and Wittry, D.B., Proc. IEEE, 55, 733-734 (1967).




1.1.1.4 Surface State Density Studies

H. Marciniak and D. B. Wittry

Experiments are being planned to measure the surface state
density, width of the space charge depletion region, and surface recom-
bination velocity for oxidized Si and for CdSe. Preliminary experiments
are being conducted in the ARL microprobe, but because of the lack of a
controlled environment, same of these experiments must be deferred

until the new electron probe column is finished.

1.1.1.5 Quantitative Electron Probe Microanalysis

D. F. Kyser and T. Rao-Sahib

Measurement of x-ray intensity ratios from pairs of semi-
conductor compounds were repeated on the best available marterial and
the results compared with the calculations of Brown et al. : The ratio
of the AsKQ intensities from GaAs and InAs was measured to be 1.173
(30 kV beam potential, 52. 5 degrees takeoff angle). Transport equation
program calculations gave 1.209 without a fluorescence correction and
1.170 with the inclusion of 2 fluorescence correction. For the case of
the Gal(a line the numbers were 1.828 (meas.), 1.791 (calc.), and 1.843
(calc. with fluor.). For the case of the InLa line in InP and InAs the
numbers were 1,326 (meas.) and 1.340 (calc.). There was no significant
correction for fluorescence in this third case. In all three cases the

agreement between theory and experiment was 1% or better.




Reference

1. Brown, D.B., Wittry, D. B., and Kyser, D.F. (to be published).

1.1.1.6 Selected Area Electron Spectrometry in the
Transmission Electron Microscope

D. B. Wittry

An electron spectrometer system for use with the trans-
mission electron microscope was constructed at the Cavendish Laboratory,
Universiiy of Cambridge (during sabbatical leave). This system shown in
Fig. 1 can be used for the study of the energy spectrum of electrons from
a selected area of the image or diffraction pattern formed in normal
cperation of the electron microscope. A similar sysiem is now being
designed for use wiih the Hitachi HU 125 at the University of Southern
Califoraia.

Freliminary resultsl obtained on a 1,000 g selected area
of 2 polycrystalline BeO filin are shown in Fig., 2. In this figure, the
energy losz corresponding to oxygen K excitation can be seen as well as
some fine structure similar to that observed in soft x-ray absorption
specira. The prelim nary results indicate that the x-ray energy loss
spectra can be used for microanalysis in the tranemission electron
microscope with sensitivity significantly higher than that of electron

microprobe x-ray analysis of thin specimens and light elements.

In addition to practical applications to microanalysis, the

x- 1y energy loss spectra are of considerable fundamental interest,
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Fundamental investigations of the fine structure in the energy loss
spectrum can be performed using the full capabilitier of the transmission

electron microscope to determine the crystal structure and orientation of
the specimen,
Reference

1. Wittry, D, B., Ferrier, R. P., and Cosslett, V. E., VtTn Inter-

national Congress on X-Ray Optics and Microanalysis, Tubingen,
Cermany, 9-14, September 1968,
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1.1.2 Site Distribution of Silicon in Silicon-Doped Gallium

Arsenide

AF-AFQOSR-496-67, Joint Services Electrcnics Program
F19628-68-C-D169, Air Force Cambridge Research
Laboratories

NGR-05-018-083, National Aeronautics and Space
Administration

W. P. Allred, G. Cumn:ing, J. Kurg and W, G, Spitzer

Introduction
Gallium arsenide which is grown from a stochiometric melt

and doped with cilicon is always an n-type semiconductor. However, it

(1,2)

1 -
is known" that =t silicon concentrations of {Si ] > 10 8cm 3. the

carrier concentration n, in the exhaustion range, may be much less than
[8i]. The difference between the values of n and [ Si ] is related to the

amphoteric nature of silicon in GaAs. Silicon on a gallium site, SiGa'

is a donor while SiAs is expected to be an acceptor. There is also some
(3)

evidence ' from photoluminescence studies for the existence of a sub-

N
stantial concentration of (SiGa- SiAs) nearest neighbor pairs when the

[si] S lOlgcm-3.

There have been several recent studies of the infrared
absorption associated with localized vibrational modes of impurities in

(4,5, 6)

semiconductors. In particular, three of these studies have dealt

with silicon impurities in GaAs. It was found that one could correlate
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many of the observed absorption bands with the presence of different
point defects involving silicon. The present work uses this identification
to investigate the influence of the other impurities, specifically tellurium

and zinc, on the site distribution of silicon.

Review

There has been considerable progress in the understanding
of the localized vibrational mode absorption in silicon-doped GaAs.
Because of the importance of previous studies for the interpretation of
the present results, a brief review will be presented here. This review
is particularly important since, at the time of this writing, one of the

(6)

more important papers is not yet published.

Silicon, a8 an isolated subsatitutional impurity on either the
gallium or arsenic sublattice, has tetrahedral point group symmetry.
To terms quadratic ia the displacement of the silicon, the potential energy
is that of a spherically symmetric, harmonic oscillator. Because the
silicon is lighter than either the gallium or arsenic, one can expect
spatially localized vibrational modes associated prirarily with the
motion of the silicon impurity at frequencies above the highest phonon

(?)

frequency’ ' of the unperturbed lattice. A single silicon defect will give
three vibrational modes, and because of the symmetry of the potential,
the modes will be degenerate. Thus a single infrared absorption ba..d

is expected for Si_,  and ancther one for Si The two sites can have

Ga As’
different frequencies because of a slightly different mass defect and

i
also because the different nearest neighbors in the two cases should 1
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influence the effective force constants. In Table I it is seen that the
observed local mode frequencies are w = 384 cm”l for SiGa and 399
cm"1 for SiAs’

In some cases the silicon impurity is ne longer isolated
from cother defecis but .s paired vwith another silicon or another impurity
on a neighboring site, There can be different reasons for the existence

348) 4ot

of these ion rairs. There is evidence already mentioned
(SiGa- SiAs> pairs tend to form at high [Si]. Moreover, the samples
are strongly n-type and hence the resulting free carrier absorption must
be reduced by the introduction of an electrically compensating impurity.
Lithium or copper is diffused at elevated temperature to produce the

campensation. Since the material is initially n-type, the compensating

diffusant must produce acceptoys which are generally assumed to be Li

Ga
or Cu,., . There is also a tendency for the Si_, donors and the Li_, or
Ga Ga Ga
C ac tors to int t resulting i /S' Li b (S' C A
us, acceptors to interact resulting in L iGa~ Mga ) OF lca uGa.)

pairs. Clearly, in these cases, the silicon is no longer in a site with

tetrahedral symmetry.

For the (SiGa- LiGa:/\ pairs where the defect involves
impurities on second neighbor sites, a weak coupling model ¢
give reasonable agreement(ﬁ) with experiment. The effect of one atom is
to alter the potential of the other atom. Since the nearest neighbor
gallium sites are along a <« 110 > direction, which is not a symmetry

rotation axis of the tetrahedral point group, the triply degenerate SiCa

-13-




band will be split into three bands with frequencies nearly independent
of the lithium isotope. These bands will be located near the SiGa fre-

-1
quency of 384 cm . A simple perturbation argument(g) gives

where w is the frequency of the triply degenerate mode and the w, values
are the perturbed frequencies. In the (SlGa- LlGa) defect case there
will also be three bands involving primarily lithium motion. The fre-
quencies of both the predominently silicon modes and those due to lithium
are given in Table I.

. A . . (6,9) .
The (Slca SIAS/ defect is more complicated in that

the two impurities are strongly coupled, and beth are light compared to

the atams they replace. The pair axis is ina « 111 > direction which is

a three-fold rotation axis, and the six vibrational modes are expected to
contain two sets of doubly degenerate modes. Thus there can be four
frequencies of which three are identified in Table I. The fourth mode is
either too small in absorption to be observed or, as calculation indicates(6)
falls in a region of large absorption from the GaAs host lattice. The
lecation of all bands observed in lithium or copper diffused, silicon-doped
GaAs is listed in Table I. For canpleieness, the location of some bands

(10)

related to lithium paired with lattice defects in undoped GaAs is also

given., These latter bands are not related to the silicon impurity but can

(4)

occur in al! samples’ ~ which are lithium diffused at sufficiently high
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Table 1

-1
Defect Impurity Mode Frequency (cm )
Lo L G
r’ «
352
{ l;; }at::e % Li 365 389
etec 379 406
L
/
Li 438 470
Ga 447 480
i 454 487
1 -L
% l 374 374
Si 379 379
' 2 405 405
\ )
( 374
Si 376
1 } Ga 399
Slca -—-- we- 384 ---
SlAs SlAs - --- 399 ...
( .- aem 367 -
Si_. - Si Si_ - Si --- 393 .-
Ga As { Ga As . e 264 -e-

The frequencies of infrared absorption bands in lithium- or copper-
diffused, silicon doped GaAs.
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temperature.

There have been a numbe: of experiments which have
suggested that the distribution of silicon among the various defects
mentioned will be influenced by the presence of other impurities. Some

electrical and radio-tracer measurements of selenium plus silicon-doped

(1)

GaAs indicated' ' that the Se . donors could change 1 = [SiAs]/[SiGa]

A

from <1 to >1, Local mode measurements of a sulfur plus silicon-

(4)

doped sample’ ' showed the SiAs band at 399 cm_l to be larger than the

Si a band at 384 cm-l. In similarly silicon-doped samples but without

G
(6)

sulfur’ ', the 384 <:m-l band is ~ 4-5 times as strong as the 399 cm-1

band, However, the bands in the sulfur;doped sample were small and
close to same very large Li-lattice defect bands, thus making the results

uncertain., Another study showed that silicon site transfer could take

(5)

place ' as a result of lithium diffusion at temperatures > 800°C. The

(4)

sulfur plus silicon-doped sample’ ' was diffused at ~ 800°C again making

this result unce:tair,

Experimental Results and Discussion

Table II lists several ingots of GaAs with the doping levels

anticipated near the seed end on the basis of the impurities added and

(11)

published distribution coefficients, Samples were taken from each

ingot and diffused with lithium. In some cases samples were taken from
both the seed end and near the back end of the ingot. The temperature of
(5)

diffusion was Td : 700°C in order to avoid the site redistribution
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Table II

Ingot # Dopants Doping Concentrations
1 si ~ 1-2 x 1018cm-3
2 si ~2-3 x 108%m ™
3 Si,Te (Si]~1x 1018cm"3. (Tel ~ 3-4 x 10'8cm 3
4 Si,Te [Si] ~ 6-8x lOlscm-3. {Te] ~ 5-6 x lOlacm.3
5 Si,Zn [Si] ~ 6x lOlscm-3. [Zn] ~ 1 x l()lscm“3
6 Si, Zn (5i]~6x108%m™>, [zn] ~ 3-4x 1018m™°
7 Si, Zn [Sil~6x lOlqcm-B. [Znl ~ 3 x lOlgcm-3

GaAs ingots used in the present study with doping concentrations
near the seed end of the crystal

observed for TD > BOOOC. The diffusion was done from a surface alloy
phase while in an argon attmosphere. The method of diffusion has been

(8)

described previously ',

Samples from the silicon-doped ingots 1 and 2 were lithium
diffused and the infrared absorption measured at liquid nitrogen tempera-
ture is given in Fig. 1. Also shown for comparison is the measured
absorption curve for pure GaAs. The curves show the spectral region
containing most of the local mode bands which are labeled with the related
defect, Although, as indicated in Table I, rome bands occur at w > 430

(4,6)

-1 . . .
cm , they have been shown in previous measurements and will not

be of major importance for the present work,

The crosses of Fig. 2 show the peak absorption coefficient

-1
o for the Si band at 384 cm  plotted against & {cr the Si band at
P Ga ' P As
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Fig. 1. Liquid nitrogen temperature absorption of samples from
ingots 1 and 2 of Table I, The samples were 7Li diffused
at 700°C for 24 hours,
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Q (384 cm™)

500

100

“$(6)

50

T T T
+«9(7)
x
o(4) |
i |

10 50 100
Q (399c¢m ')

A plot of the peak absorption coefficient of the Si, band at
384 cm~! va that for the Sipg band at 399 cm™ . The x are
for silicon doped samples, the o for silicon and tellurium
doped samples, and . o are tor silicon and zinc doped
samplcs. The numbers indicate the ingot of Table II.  All
samples are lithium diffused.
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399 cmvl. The data are taken from a number of silicon-doped samples
which are all diffused with lithium at 'I‘D < 800°C. Most of these
samples were measured as part of an earlier study(é). The points are
close to a line of slope ~ 0.9 indicating that the SiAa band grows slightly

more rapidly than the Si__ band with increasing [Si ]. It is to be empha-

Ga
sized that silicon is the only major dopant in these samples.
The absorption of samples from ingots 3 and 4, which are
doped with silicon plus tellurium and diffused with 7Li is shown in Fig. 3.
Comparison with Fig. 1 shows several new features. The bands near
475 <:m-l and 391 cm‘l are due to LLi - Te p and have been pre-
Ga As./

12 -1
( ). The band at 379 cm = i= largely a Li-lattice defect

viously studied
- -1
band and shows a large lithium isotope shift, i.e., 379 cm I, 406 cm
7. 6 . -1
when Li~ li. The bands at 464, 393, and 367 cm  in the sample
from ingot 4 are the “\Sii, - Si ) bands mentioned earlier and listed
Ga ~ As./
in Table I. A principal difference between the samples of Fig. 3 and
Fig. | is the change in the relative strengths of the SiGa and SiAs bands
at 384 and 399 cm-l. The absorption peak values less background for
these bands of the silicon plus tellurium samples of Fig. 3 are shown as
circles on Fig. 2 and labeled with the ingot number. The effect of the
tellurium has been to substantially enhance the fractior of the [ Si?

which resides on arsenic sites. More extensive measurements should

give results which can be compared with thermodynamic predictione.

The most interesting results are obtained ‘rom samples
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Fig. 3. Liquid nitrogen abrorption of ingots 3 and 4 of Table II, The
samples are doped with silicon and tellurium anrd diffused with
lithium,
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;aken from ingots 5, 6, and 7 which were doped with silicon plus zinc.
Figure 4 shows the absorption for several samples diffused with 7I_i.
Figure 5 shows, for each of two ingots, a comparison of two samples
taken from adjacer* wafers and diffused with 7Li and 6l_i respectively.

(8)

Firom previous studies ' of zinc-doped and lithium compensated samples
it is known that there are four lithium bands, presumably associated with
(Li-Zn) pairs. These bands are nearly equal 7or a given [ Zn1 and are
tocated at 405, 378, 361, and 340 cmcl for 7Li and at 433, 404, 385,

and 361 cm"l for 6Li. Many of these bande are observed in Figs. 4 and
5 and are taken into account in some of the quantitative discussion which
will follow,

The S acceptor band at 399 cmul is observed only in the

'As
most lightly zinc-doped ingot (5). Within experimental accuracy this
£.

band ir *totally absent in Fig. 4 from the samples of ingois & and 7. We

also note from Figs. 4 and 5 that the (SiGa- Si S) bands are totally absent

A
(at 464, 393, and 367 cm'l,\ in the heavily zinc-doped ingots. Moreover,
several of the samples show the appearance of three new bands of
approximately equal strength. These bands are at 395, ~382, and 378

-1
cm .

-1
The 378 csm band requires some discussion. In Fig. 5,
-1 ) . C

the band at 378 cm  could involve contributions from 2 ibsorption bands
seen in previous work. In CaAs with l7Li-Z.n), there is a band at 378

-1 -
cm , but it should be equal in strength to the (71.i—Zn) band at 405 cm 1,

7 -
There is alsc a ( Li-lattice) defect band at 379 cm ! which could be
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.
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-
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Fig. 4. Liquid nitrogen absorption of silicon and zinc doped samples
from ingots 6 and 7 of Table 11,
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Fig. 5. Comparison of the liquid nitrogen absorption of 6Li and 7Li
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contributing. However, both the (7Li-1attice) and the (7Li-Zn) bands

. -1 .6 .. . 7. . 6_ .
shift to near 405 cm ~ if "Li is used. Comparison of the Li and Li
samples of ingot 7 in Fig. 5 shows little change in the 378 cm_1 band.

The remaining previously known contribution to the absorption near 378

cm comes froma 379 cm-1 silicon mode for (Si_, - Li_, ) defect (see
Ga Ga
(6)

Table I). However, this contribution should only be as large ' as the

much weaker band at 374 cm-l (see Fig. 5, ingot 7). Therefore, we
have the result that mcest of the strength of the 378 cm.1 band of ingot 7,
Fig. 5 cannot be accounted for in terms of any of the previcusly known
defects.

The enhanced strength of the 378 cm-1 band occurs only in
those cases where the 395 and 382 cm-l bands are alsc observed. The
three new bands do not show any lithium isotope shift, and they occur

only in samples with large [ Si a] and [ Zn_ 7. It is reasonable to

G Ga

assume that these new bands arise from (5i , - ZnGa) defects where the

Ga

silicon and zinc are on n.arest neighbor gallium sites (sec und neighbor
positions). or such a pair, the axis is < 110 > ar¢, as discussed for

Si. - I_i(.,a), the three fold degeneracy of the tetrahedral potential will
A

Ga
be completely lifted. Since the mass, M(Zn) = 65, is close to the M(Ga) =

70 whichit replaces, we expect to see only three silicon modes snlit in

frequency about the Si a band. Application of the frequency rule given

G

previously yields

#
R 2 2 2 i 5 -1
w = {3’ [(395) + (382)°+ (378) ]} = 384.2 cm

-25-




This result is in good agreement with the 384 cm-1 value for the SiGa
band.

The concentration of (Si_ - cha) may be crudely estimated
]

Ga

as follows: It is assumed that the total absorption cross section for the

(Si_. - 2n a) bands is the same as that for the Si

i. e, 1
Ga G a band, i.e., the only

G

effect of the zinc has been to lift the degeneracy of Si a but the total

G
(si_. -2n_ ]
o . . o Ga Ga _
absorption per center is unchanged. Then, : =
(si |

+ 1
%395 F382 T 3348

% 384
sources of absorption at that frequency have been already subtacted.

(5,6)

The prime on u'2'$78 is to specify that the other

Fromn other studies it is known that the absorption cross section for

/[saGa] = 7.3 x 10'18cm2, Thus

ESiGa- ZnGa] for the ingot 7 samples of Fig. 518 ~ 3 x 1019cm-3 and

- 1
[SiGa} ~ 4-5x 1019cm 3. The total silicon concentration of 7-8 x 10 9

- 1 -
cm 3 compares ‘avorably with the doping estimate of ~ 6 x 10 9cm 3

-1 L.
the 354 cm  band is given by a4

1
given in Table II. The total zinc concentration of ingot 7 is ~ 4-5x 10 9

cm-3. This concentration includes both [ZnGa- SiGa] ~ 3 x 1019cm.3

and [ Zn_ - LiGa] ~ 102 x 10 %em ™3 as estimated from the 405 cm )

®) ,

Ga

and 361 cm bands and previous published vs. [2Zn_ - LiGa] data.

Ga

Again the tntal [ Zn] is regarded as in reasonzble agreement with the
1 -1
estimate of 3 x 10 c)cm given in Table II. It may also be noted that if

the ZnGa and SiGa were randomly distributed on the gallium sublattice
18

then the [ZnGa- SiGa] is 10" t0 1018cm ™3 for these samples. This

concentration is substantially smaller than the estimate given above.
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The measurements of samples taken from ingot 6 and 7 have
been used to obtain the points given by solid dJote on Fig. 2. Recall that
in these samples no detectable band was observed at 399 cm’l, and thus
the arrows indicate that the points have been placed at the maximum
possible value for a (399 cm-l). The true value is probably substantially
smaller. The points indicate that for ingots 6 and 7, the [SiAa] has
been decreased b, at least one order of magnitude, and a more realistic

estimate gives ~ two orders of magnitude for a given [Si_ 1. Although

Ga
not plotted in Fig. 2, a comparison of Fig. 1 with Figs. 4 and 5 gives a

- . L .
similar conclusion for [SlGa SlAsJ

It is reasonably clear that studies of silicon site distribution
as functions of [Si], [ Te], and [ Zn] should lead to quantitative esti-
mates of distribution coefficients and the dependence of specific defects
on impurity concenirations. Moreover, correlations with electrical
measurements should yield information on the electrical nature of each

of the defects. This work is now being carried out,
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1.1.3 Thin Film and Interface Phenomena

AF-AFOSR-496-67, Joint Services Electronics Program

C. R. Crowell

A program of device-oriented studies related to current

transport and charge storage in metal-semiconductor {Schottky) contacts.

1.1.3.1 S .rface State and Interface Effects on the Capacitance-
Voltage Relationship in Schottky Barriers

C. R. Crowell and G. I. Roberts

The analysis given in the previous report has been completed
and submitted for publication. A further modification gives the relation-
ship between the surface state charge density, 0, in zero temperature
approximation and for a finite temperature T. The precise result is

shown to bhe

dc nz 2 dzn“ 4 ‘]
—_— = q n (E)+ -— (kT) —— + 6T +...
dE ss  { 12 2 |
f dE E —l
- {

where nas(Ef) is the surface state densily per unit area per unit energy
at the Fermi energy Ef. Thus as long as the curvature of the n_, versus
E relationship at the Fermi energy is small compared with n“(Ef)IkT IZ.

the zero temperature approximation will be satisfactory,

The results of this analysis will be used as a tool for further

experimental studies of surface states in metal semiconductor systems,




1.1.3.2 Thermionic-Field Resistance Maxima in Metal-
Semiconductor (Schottky) Barriers

C. R. Crowell and V. L. Rideout

A maximum in the differential resistance versus applied bias
relationship of metal-semiconductor contacts is predicted to occur when
current flow is predominantly by thermionic-field (thermally excited
tunnel) emission. The predicted resistance peaks are generally asym-
metrical with respect to voltage and may occur on either side of zero
bias. The peak location has only an indirect correlation with the Fermi
kinetic energy in the semiconductor. The theoretical approach is
generally applicable to any metal-semiconductor system when the
dominant carrier flux is associated with the tail of a Fermi-Dirac
distribution. The theory is in reasonable agreement with recent experi-
mental resistance measurements on Cr-Si Schottky barrier diodes at
71°K.

Anomalies in the differential resistance versus applied bias

. . . . . . 1-5
relationship near zero bias have been observed in p-n junctions ,

6-8 i 3

metal-insulator-metal or semiconductor structures, and metal-

) ) 13-19 . Q :
semiconductor (Schottky) barriers . In addition Gray , Esaki and

. 10 20 , . .

Stiles , and Chang have used the WKB tunneling approximation for
the insulator barrier to calculate the incremental resistance of metal-
. , 21
insulator-semiconductor structures. Stratton and Pad-yvan: have

similarly applied the WKB expression to Schottky barriers. The present

report is concerned with the differential resistance associated with




thermionic-field (thermally excited tunnel) emission currents in metal-

semiconductor contacts.

Recently Crowell ana Ridec)utz‘2 (C-R) have analyzed the
thermionic-field current-voltage characteristics of Schottky barriers in
a normalized formulation which uses the WKB tunneling approximation,
From consideration of the principles of detailed balance and reciprocity
of tunneling coefficients, C-R showed that the current density, J, versus

applied bias, V_, relationship {or thermionic-field emission (i.e.,

f
current flow dominated by the Maxwell- Boltzmann tail of Fermi-Dirac

distributions in both semiconductor and metal) is of the form

J =3, exp (qu/nkT)[l - exp (-qu/kT)] (1)

(cf., equation {23) of C-R). Js i8 the saturation current density and

n = (q/kT) de/dln J ., where Jf is the forward component of the carrier

fy

flux (Jf-:s J for V_ >> kT/q). Equation (1) wiil not, however, be valid

{

when pure field emission becomes dominant at high semiconductor

carrier density and low temperatures. Band-tailing density of states

13-15 \ _ . 16

effects . many body electron-polaron interactions  and phonon
S 17,18 . 4

excitations ha e been proposed as responsible for resistance

anomalies observed in metal-degenerate semiconductor contacts,

Although such effects are not considered per se in thia report, equation

{1) is generally applicable to any metal-semiconductor contact when the

dominant carrier flux 18 associated with the .ai! of a Fermi-Dirac

dist-ibution.
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From equation (1) the incremental resistance, R = de/dJ,

normalized by the incremental resistance at zero bias, Ro: kT/qu, is

R/Ro = n exp (-qu/nkT)[ 1+ (n-1)exp ('qV;/kT)}-l . (2)

The applied voltage, V_ , at which a resistance maximum (cond ctance

fm

-,

minimum) occurs {i.e., when d‘J/dV = Q) is

f

me = (2kT/q) In (n-1) . (3)

In equations (2) and {3) we have assumed that there is only a slow varia-
tion of the parameters Js and n with Vf.

Figure 1 shows the normalized incremental resistance,
R/Ro, as a function of the normalized applied voltage, qu/kT. for
selected values of n (cf. equation (2)). The pip mark on each curve

indicates the value of qV m/kT {cf. equation {3)). In general the

f
resistance peaks do not occur exactly at zerc bias nor are they symine-
trical with respect to qu/kT_ Equation (2) does, however, have the

following symmetry characteristics: a curve with a maximurn at some
negative value of V( and defined by n = n_has a mirror image reflected
in the zero bias line at n = n  where 1/n = l-l/n+ (cf. Figure 1), For

values of n > 2 the metal-semiconductor contact behaves like a backward

diode. When n < 2 the resistance peak is symmetrical about zero bias:

-1
/ - i ’ i
R'Roln».z : cosh (qV{fZRT) . {1)
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Cuce any experimental R*Vf characteristic has heen fitied
to equation (2), the subsequent degree of agreement with any detailed
theorv of thermiomc-field emission depends upon the accuracy with
which the parameters n and RQ jor Js> can he correlated with other

measurements., C-R have calculated nand J as a function of kT/E
3 oo

fe

with pormaliized bandbending Eb/kT as parameter {cf, Figures & and 7

16,23 L
of C-R). The term Eoo’ a constant of the material , is associated
with the one-dimensional single-particle WKB expression for the trans-

mission of the barrier for carriers at the botiom of the conduction band

{cf. equation (8) of C-R}:

Eo = {qh/4n) (N/m*c)g = 18,5x lO-IZ(N/mrer)é eV , {5)

where N is the semiconductor doping concentration in units of cm-3, m
the tunneling effective mass measured in units of the free electron mass,
and <L the semiconductor static dielectric constant. The bandbending in
the semiconductor depletion region in units of ki is

Eb/kT = (q/kT)(fpb'COs-- vf) , (6)

where Py is the metal-semiconductor barrier height, and ?g is the
difference between the semiconductor Fermi level and the bottom of the
conduction band (cps is negative for degenerate semiconductors). The
guantity k"l"/Eoo determines the magnitude of the kinetic energy relative

to the bandbending Eb at which the maximum injec ion of carriers th:rough
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the barrier occurs {cf. equation (14) and Figures 3 and 4 of C-R). Thus
kT/EOO indicates whether the predominant character of the current flow

is thermionic, therrnionic-field, or field emiesion.

Figure 2, deduced from Figures 7 and 11 of ©-R, shows the

close correlation of the diode n value with kT/'EOO. Larger values of n

and J8 would be predicted from theories which added effects of image

¥

R 2
™ force lowering 4, a two band model for the complex k portion of the

¥

1 .
E-k relationship 5, an interfaciai layer between the metal and the

semiconducior » Or an increased semiconductor surface doping.

12 L
For rescnant turneling phenomena , n and Ro are sufficiently strong

functions of Vf that equation (1) £ould not be expected to be an appro-

priate form for analysis of the experimental data, It would also not be
desirable to apply the C~R analysis to cases where (n-1) < 0,02 for

C N 24 .
which image force lowering is important , or where n > 1 for which
field emission is dominant. C-R have derived criteria for the bias

range for the transition from thermionic-field emission to field emission.

For reverse bias voltages less than Vr mas’ the maximum of the energy
-max
distribution of emitted carr.er flux occurs above the Fermi level in the

metal:

-2
A + inh k .
r-max PgT Py SN (Eoo/ T) (7
For degenerate semiconductors a corresponding maximurn forward bias

voltage is given by

.2
f-max vr—max sinh (Eoo/kT) * (8)
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(n=1)

\0

A
10

Fig. 2.

kT/Eoo =

Barrier constant (n-1) versus normalized materials parameter
kT/E,, for selected values of the normalized bandbending Ey/kT.
The right hand ordinate indicates the bias in units of kT/q for
occurance of the resistance maximum,
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Saxena has recently measured the incremental resistance
in the neighborhood of zero bias for Cr n-type Si Schottky diodes under
conditions where appreciable contributions from T-F emission could be
anticipated. His experimental data at 77°K are shown in Figure 3. From
equation (2) n ~ (—q/kT)de/d In R for qu/kT >> 1, From Saxena's
data we obtain a value for n of 5.7. For Eb/kT ~ 90 and n = 5,7,
Figure & gives k’.\Z‘/EO0 = 0.18 which corresponds to N = 1,2 x 1019crn_3
at 77°K {ci. equation {5}}, The bulk doping concentration of the Si used
by Saxena as determined from Hall coefficient measurements was

-3 .
7 x 1018cm . The doping concentration throughout the wafer

NHall B

may of course differ from the average measured by the Hall effect. In
addition, the local surface doping concentration may be aiiferent from
NHall' Also it is possible that the Cr-Si diodes contain an interiacial

layer which has resulted in an increased diode n value.

When Ro and n of equation (2) are chosen to match Saxena's

data for Vf >> kT as shown by the dashed line in Figure 3, the experi-
mental data are matched at the peak of the T ¥ curve. This occurs at

fm

qV, /kT =3.1. The barrier height associated with the value of Ro is |
0.61 eV, in agreement with that typically observed by Saxena for diodes !
of low doping concentration. The value of the barrier height used by

Padovani and Strattor is not known. . he disagreement at low bias
between Saxena's experimental data and the prediction of the T-F model
of C-R is expected since the criteria for T-F emission implied by equa-
tions (7) and (8) can only be satisfied by non-zero V

r-max 20 Voo
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Fig. 3. Differential resistance versus forward bias in units

of kT/q. The experimental data of Saxena are compared
with the T-F emission theory of Crowell and Rideout (C-R)
and the field emission theory of Padovani and St -atton
(P-5).
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above 120°K (assuming that NHaH = Tx 1018cm_3 is the appropriate
doping). A sufficiently large percentage of the tunnel current flux arises
from carriers above the Fermi energy that the form of equaticn (3} is a
good approximation for moderate forward bias. The experimental curve
near zero bias is unquestionably characteristic of Fermi-Dirac distri~
butions. Note that the T-F emission theory fits as well at 77°K as the
yero temperature calculation of Padovani and Stratton23. The shapes of
the R-Vf characteristics for the two models are even remarkably similar
considering that the Maxwell-Boltzmann approximation in the model of
C-R does not contain the inflection peint in the occupation probability at
the Fermi level. It is apparent that measurements similar to those of

Saxena over a wide range of temperature and semiconductor doping would

be of interest.

We wish to thank Dr. A. N. Saxena for permission to quote

his experimental results prior to publication.
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1.1.4 Radiative Recombination in Semiconductors

NGR-05-018-044, National Aeronautics and Space
Administration

GKF 1764, National Science Foundation
AF-AFOBSR-496, Joint Services Electronice Program
DA-ARO-D-31-124-G1054, U.S. Army Research Office,
Durham

M. Gershenzon

General Objectives

ll

To determine the mechanisms of radiative and of non-radiative
recombination, particularly in wide band-gap semiconductors,

To correlate extrinsic recombination processes with the defects
responsible for them.

To survey a number of relatively unexplored wide band-gap
materials, seeking efficient luminescence mainly in the visible
spectrum.

To study competing recombination processes as a function of
ternperature,.

To investigate luminescent devices where the minority carriers are

created by electrical injection,

Progress and Plans

l'

GaN

In the last report we described various vapor transport
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methods which produced small crystallites of GaN and indicated the
feasibility of epitaxial deposition. In order to grow larger platelets
required for the optical work we attempted to reduce the growth varia-
bles by using the material grown previously as the source in a closed-
tube halide (chloride)disproportionation vapor transport technique. After
optimizing temperatures, temperature gradients and halide concentration
to yield re atively large crystals, it was discovered that these were in
reali - B GaZO3 rather than GaN which was introduced as a contaminant
in the source material. Thus we have recently prepared uncontaminated
sourc . ma °rial by a direct open tube liquid Ga-NH3 reaction and are

repeating the optimization process for single crystal preparation via the

«losed tube ha 'de transport process,

Our future plans remain the same as before, namely the
study : f the optical, electrical and luminescent properties of the 'pure"
material as wcll as the effects of doping with elements which shouid act

as shallow donori or acceptors or as luminescent centers,

2. AlP
In the last report we described @ closed tube iodide transport
method which transported A1P source material obtained by several methods
vory rapidly. Now this process has been optimized to some extent
_ ° 0 . , :
(I = 1100, AT - 40 ) to produce flat ribbons and wh'skers up to 1 cm
in lTengti These are large enough for luminescence measurements but

too narrow for absorption. work. The student working on this project
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has left the laboratory. Hence this project will be delayed until a

replacement i8 found for him.

3. Si

Our plans to look for isolated donor-acceptor pair recombi-
nation emission lines are proceeding., Double doped (B, P) Si ingots
were grown as described in the last report. A high resolution grating
spectrometer (Ferkin-Elmer El) is being calibrated and equipped for
photoluminescence measurements aimed at measuring and optimizing
the broad, distant donor-accepter pair band at 4. 2°k prior to exciting
a high power CW GaAs laser in the attempt to saturate the distant pairs

and allow the closer, isolated pair lines to be obse. red.

4. ZnS: Cu

We hope to elucidate the mechanism of the very efficient
green emission of Cu activated ZnS at room temperature by exciting this
emission at 4.2°K with very high intensity radiation in its characteristic
excitation absorption band and looking for any changes in the emission
spectrum, notably the possible appearance of lines. A pulsed molecular
N2 laser (average cw power 100 mw) whose output wavelength matches the
excitation band very well has been set up. ZnS crystals obtained from
various sources are being doped with Cu and as co-activator Al or a halide.
A quartz prism monochromator (Perkin-Elmer Model 99) was calibrated
and is being used for photoluminescence measurements to establish the
presence and efficiency of the Cu-green emission. It is planned to

excite the efficient samples with the focussed laser beam looking for
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sharp lines in the time resolved spectra using a high resolution grating
instrument (Bausch and [ omb, 2 Meter) and integrating the signal either

via photographic recording or via a photomultiplier and a boxcar integrator.

5. Cubic ZnS

We have obtained some platelets of ZnS having large areas of
the zincblende structure which are relatively free of stacking faults. We
hope to study the absorption edge and luminescence due to free exciton,
bound exciton and "edge emission’ in such cubic crystals utilizing the
high resolution capabilities of the Bausch and Lomb spectrograph and
invoking uniaxial stress and Zee:nan splittings where possibie. For this
work a quartz dewar 1s being constructed with capabilities for absorption,
photoluminescence and photoexcitation work in conjunction with the high

resolution spectrometer,




1.1.5 Electron Tunneling in Solids

R. T. Payne

Cur technology has produced a laree number of electronic
solid state devicec which rely on the quantum mechanical phenomena of
tunneling {the ability of a particle to go through a barrier rather than
over it). Typical examples of these devices are p-n diodes, Esaki or
Tunnel diodes, Schottky diodes, Gunn Effect oscillators, MOS or Cold

Cathode structures, superconducting junctions, and Josephson junctions.

Previous work by the author indicated that by using low
temperatures, high magnetic fields, and high pressures, these electron
tunneling devices could be used ag probes to study the properties of the
solid lattice and properties of the electron gas in the solid. Other
investigators have shown potential uses for these devices in a variety
of fields, such as microwave spectroscopy, ultrasonics, infrared

spectroscopy, and low energy electron spectroscopy.

In October 1966, the Electron Tunneling Laboratory was
established to use these electron tunneling devices in the study of ihe
fundamental properties of solids, solid surfaces, and general physics.
The laboratory will eventually have facilities 1or high magnetic fields
(100 kilo=oersted), high pressure (60,000 psi), and low temperatures
(1. OoKelvin). It will require a variety of measuring devices, a multiple-
derivative plotter, a susceptibility bridge, microwave sources,

receivers and frequency standards, a nano-volt potentiometer and
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voltave reierences,

To date, the mulci-derivative plotter, high pressure system

{45,000 psi), low temperature system to ° 30K, medium duty evapor-tor,

and cold cathode sputtering module have been put into operation. These

systems are being used in the research to be discussed in the following

sections.

Study for a Measurement of Galactic and Stellar

Emission Spectra in the 500 Micron Region., Fart II

NGL-05-018-044 Suppl. #2, National Aeronautics

and Space Adminstration

R. T. Payne and F. Schrey

This is a contract to study wide band detectors for use in the

500 micron region. One such detector is a Josephson Junction. Since

transition metal alloys provide the highest transition temperature for the

Josephson effect these materials are under study. Beforc the contract

peri~" 1 7., 1968 1t wae T “ded tn termincte Stiav o N“jfr‘ Licause

the preparation of the z2lloy sputtering source was unsuitable. Apparently,

the composition of the alloy was not close enough to the Nb3Sn crystal

phase to produce superconducting films. Further, the shape of the

source made it difficult to use. Examination of the material is in

progress.

At the beginning of the contract period a tantalu... metal

source was obtained for sputtering experiments at R, D, Mathis Co,




Mr. Schrey commuted (and still does) to the company to sputter tantalum
films on glass substrates for study. The resulting films look satisfactory
and have resistivities close to that of the bulk material. Cryogenic tests
of these films are in progress. A V3Ga metal source which has been

on order since April should be arriving soon. This source will be used

to study the sputtering of alloy films in place of the Nb3Sn.

1.1. 5.2 Excitonic Insulators in Semiconductor Junctions
AF-AFOSR-496-67, Joint Services Electronics
Program

R. T. Payne

The excitonic insulator is a many body state similar to that
of a superconductor. The author discovered the state while investigating
the properties of semiconductor junctions. Experiments are still in
progress to discover the transition temperature dependence on pressure,

carrier concentration, and impurity atoms.

Another possible material for study is chromium. During
the summer preliminary tests on chromium junctions were made. No
results have been obtained to date. Further experiments are being

encouraged at the Naval Ordinance Laboratory at China Lake, California.
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1.1.5.3 A 1IN0 Kilo-oersted Superconduct g Magnet Facility
AF-AFOSR-496-67, Joint Servi: es Electroaics
Program

M. H. Halloran and R, 7. Payne

The superconducting ma gnet facility has been started jointly
with M. H. Halloran. A magnet has been ordered which is capable of
pruducing a 100 Kilo-oersteds with a homnogeneity of 4 parts in 104 n a
l cm. sphere, a stability of 1 part in 105 and a total working velume of
3.810 cm. in diameter, Using this facility, experimental research will

be pursued in the general area of electronic properties of metals and

degenerate semiconductors at low tempe ture.

The specific scientific goals of this research are five-fold:
to obtain complete Fermi surface information for the transition metal
elements and certain intermetallic compounds (Halloran), to determine
whether the theoretical explanation of the large B-H effects observed in
the noble metals holds true (Hallorar), to determine whether the effec-
tive mass of electrons in a metal is magnetic field dependent as suggested
recently on the basis of field theory consideration (Halloran), to measure
pressure effects of the Fermi surface of transition metals and compare
these effects with theories of critical spin fluctuations (Payne), and to
study the properties of electrons tunneling through semiconductor inter-

faces in the presence of intense magnetic fields and high pressures (Payne),

After repeated attempts to negotiate with the suppliers of the
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magnet to obtain a properly working magnet the prospective users
decided to change vendors. Negotiations are now being made with
different suppliers for the same type of magnet. All rescarch requiring

the high magnetic field has been suspended until a new supplier is found.

1.1.5.4 Magneto-Tunneling in Semiconductors under High
Pressure
AF-AFCER-196-67, Joint Services Electronics
Program

R. T. Payne and J. Downs

It is planned tc measure magneto-tunneling, the magnetic
field dependence of the tunneling current of semiconductor p-n junctions,
in the presence of hydrostatic pressure and at low temperatures. The
change in effective mass with pressure, the change in quasi-particle
'"g"" factor with pr 3sure and other properties of the semiconductor may
be derived fron: this experiment and compared with theory, Preliminary
measurem. ats of Ge back diodes have been made to 32,000 psi at room

temperature. Good comparison has been made with the work of M. E.

Sikorski and P. Andreath.

The summer was spent revising the high pressure equipment.

Present operation is now extended to 45,000 psi.
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1.1.5.5 Pressure Dependence of the Magnetic Susceptibility,
the Fermi Surface, and the Effective Mass of
Palladium
AF-AFSR-496-€7, Joint Services Electronics
Program

R. T. Payne

It is planned to measure the magnetic susceptibility, the
effective mass, and several extremal cross sections of the Fermi surface
of palladium as a function of pressure, These measurements will be
compared with similar magnetic measurements on alloys of palladium
and with the thcory of Berk and Schrieffer on critic~! spin fluctuations.,

A better understanding of the properties of palladium and of ferro~

magnetic exchange may be obtained.

At present a palladium single crystal has been bought.
Preliminary residual resistance measuremcnts indicate the sample is
not pure enough for the primary objective. An electron beam zone
refiner now on order will be used to further refine the palladium. In
the meantime the possibility of using pieces of the sample for tunneling

experiments are heing investipated.
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1.1.6 Growth of GaAs and GaxIn.1 J(As’» Thin Films

GK-698, Naticnal Science Foundation
DA-31-124-ARO-D-450, U.S. Army Research Office

L. R. Dawson, C. T. Liand J. M. Whelan

The technique has been extended for growing thin {ilms (1-10u)
of GaAs from (Ga solutions saturated with arsenic. Previous difficulties
with variable surface textures have been substantiaily reduced by protect-
ing the substrate during the reduction of the residual oxide film on the
liquid Ga surface. Surface defects are presently limited by dislocation
densities in the substrates, These are particulariy pronounced for the
substrate orientations, (211) and (311). Except for dislocations, these
orientations are favorable for thin film growth. The relative advantages
of low dislocation substrates (less than 500 cm-z) oriented in the [ 111],
(rtTl. [110], [311], [ SII] and [211] directions are being presently
evaluated.

Film structures containing two films have been grown.
Suitable structures for bipolar transistors and Gunn oscillators have
been grown., Bipolar transistors were made using a | un film on a
semi-insulating substrate which exhibited pinch off at 0. ¢ V bias. An
nj+ 10un film structure on an n' substrate was operated as a Gunn
osc’'lator.

Techniques have been developed for doping the above GaAs

filma with Te, Sn and Ge. Germaniwn presently seems to be a superior
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acceptor dopant than either An or Cd. Attempts to make npn o~ pnp
transistor structures using Zn were unsuccessful because of the Zn
diffusion,

Additional facilities for growing III-V alloys are completed

and are being tested with GaAs.

Evaluation of electrical contacts are in progress. Electro-
plated Au-Sn followed by alloying looks promising as a reliable n type

contact. The alloy depth is approximately 1u.




1.2 QUANTUM ELECTRONICS AND LASERS

1.2.1 Quantum Theory of Noise

DA-ARO-D-31-124-G990, U.S. Army Research Office

W. H. louisell, J. H. Marburger, D. White

I. Lax has recently given a ''classical' correspondence for
a quantum stochastic process. We have been able to give a reformulation
in such a way that we can show its connection with a classical corres-

_ 2 " .
pondence .atroduced by Gordon . In addition we have shown why Gordon's
Pz distrib *ion function obeys a ''classical" Fokker-Planck equation in
which the diffusion matrix is non-singular and why his P1 function has a

diffusion matrix with negative eigenvalues,

In addition we have obtained a very simple derivation of the
quantum regression theorem for general quantum systems in which multi-
time averages can be computed from single time averages for Markoffian
systems, This work i8 about to be written up for publication with J. H.

Marburger.

. Further work on the quantum theory of the laser has been
done with Lax and is about ready to be submitted for publication as QXI~
in the series of quantum stochastic processes. In this report, after we
eliminate the dipole moment operator adiabatically from the Langevin
equations, we use the clasaical correspondence to convert to a classical
problem in the population and field associated viriables. The populations

are eliminated classically which gives a further check on prior quantum

54




climinations where there were ordering ambiguities, We express the
results i the photon number, intensity and phase, and phase-number
representations. We also obtain the linewidth due to phase diffusion and

steady state solutions in the various representations

3. We a. ¢ alsostudying the optical parametric oscillator
in which the atoms are treated explicitly rather than phenomenologically
: : N
using the model of Graham and Haken . In particular we are studying
critically the various possible methods of eliminating the atoms. This

work is being done with D. White and results are immutnent,

References
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1.2.2 Interaction of High Intensity Light Beams with Matter

A¥-AFOSR-496-67, Joint Services Electronics Program

W. G. Wagner

Our investigations center on the interactions of very intense
laser beams with materials, which are governed by nonlinearities pro-
ducing a number of qualitatively striking phenomena. Our immediate
objective is to study the propagation properties of intense light beams,
since only when these are known in some detail can reliable extraction
of material nonlinear coefficients be made from various experiments.
During the past period we have completed our study of the initial growth
of the instabilities in the propagation of electromagnetic waves of very
broad extent through low density fluids, and we have begun an attempt to
calculate the distortions in beam profiles resulting from density and
thermal variations induced in the medium by the passage of the optical
beam.

Our previous work had resulted in a very complicated disper-
sion relation which enabled one to calculate the temporal or spatial growth
rate for small amplitude disturbances to either the electromagnetic beam,
density, or temperature of the fluid. The theory was sufficiently general
co include the couplings of thermal deposition by absorption of radiation,
electrostriction, and a nonlinear dependence of the dielectric response
upon the electric field (Kerr effect). This dispersion relation was studied

numerically for cases of interest, and it was found that the correct
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answers for the maxamum instability growth rate aad for the velocity of
propagation of the disturbance was in very close a_reement with our
previously derived analytical estimates. The accuracy of the apreement
{about 1%) is somewhat accidental 2s the anaiviical estimates were not
cupected to be that good.

We have also clarified the relation of cur work to that of
Brueckner and Jorna, and that of Livingston. Our results are in sub-
stantial agreement with Brueckner and Jorna, and in substantial disayree-

ment with Livingston.

Further work on this problem is required in order to under-
stand the nature of the beam distortion and possibiy the saturated state
of the instability development. Our only hoge for the answers tc such
questions lies in an advanced digital computer study of the problem.
Toward this end, a program for the solution of the system of seven
partial differential equations in three independent variables is presently
under development. Substantial effort has been made to invent a rela-
tively sophisticated iteration technique so that the mesh size can be
increased, but we will have to prove that this new t. ~hnique is a s:able
one.

During this past period we have also completed work on a
few projects that have been under l¢ss intensive investigation over a
period of eighteen months, The first of these is the investigation of the
effect of saturation on self-trapped optical beams in liquids, The condi-

tions under which an electromagnetic beam can produce its own dielectric
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waveguide and propagate without spreading have been discussed for a
model ¢f the nenlinear dielectric response which includes the effects of
saturation. The model assumes that the principal contribution to the
nonlinear response z-ises from the reorientation of anisotropic molecules.
For the lowest order 'modes’, the variation of the field amplitude over

the cross section of the beam has been derived and presented graphically
in a paper published in the IEEE Journal of Quantum Electronics. It has
also been shown that, for ‘cigar'-type axially syrnmetric moiecules,

there are two trapped beams possible which have no nodes, but which

have the same total power.

In another paper published during this period in the IEEE
Journal of Quanturn Electronics, we have examined the equations of laser
Q switching for a homogeneously broadened two-level material. It was
shown that inertial effects in the material polarizability may play an
important role in Q switching of lasers of narrow material linewidth, It
was further shown that it is possible to amplify pulses of durations shorter
than the inverse linewidth of the active material, provided the pulses are
energetic encugh to produce appreciable nonlinear behavior of the material.
In this way it should be possible to produce, from a relatively long pulse,
pulses of short duration as compareu to the inverse linewidth of the ampli-
fying material. Numerical examples were given based on parameters
appropriate to the CO‘2 laser. Even though the model of a hcmogeneously
broadened two-level system is an oversimplification of COZ laser opera-

tion, it is believed that guidelines for future work on CO2 systems can be

gleaned from these results,
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1.2.3 Optical Experiments with Laser Sources

AF-AFOSR-496-67, Joint Services Electronics Program
DAHC-04-69-C-0003, U.S. Army

W. L. Faust

During the past period we have successfully operated the
larg> CO2 laser contemplated in the previous regort. The unit delivers
Q switched pulses at a rate of 400 sec-l, on varicus vibrational-
rotational lines of C02 selected by a grating, We have performed a
simple (but very direct, and inexpensive) calorimetric measurement of
the time-average power, making use of the known heat of vaporization
of liquid nitrogen. Thir averace power is about one watt. We estimate
the peak power during a pulse to be of the order of 25 KW, but we have
not yet equipped ourselves with an adequateiy fast detector to make a
reliable measurement. Unforturately, the laser tends to run on two
rotational lines (or more) at once; the grating and cavity configuration at
present do not afford sufficient discrimination, even with the use of an
iris. We are presently contriving to double the effective optical length of
the cavity, which should solve this problem. We are also under way in
the construction of a second such laser, since the physical experiments we
anticipate (two of them, quite distinct) involve interaction between beams
at two different frequencies. These experiments are i) high intensity (for
double~-quantum cffects} two-beam studics of the local me ‘e of Ca F_: H

2

and ii) rotational relaxation studies on CO2 itself. On another front, we

have inherited a Korad ruby laser capable of about 25 KW pulse: at a |
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e;ec-1 rate. We hope to be able to perform Stokes Raman scattering
experiments with this unit as a source. The principal problem is expected
to be discrimination against intense scattered light from the primary
laser beam, which (apart from likely destruction of a photc mutliplier
tube!) could easily overwhelm Raman scattering having an absoiute
intensity which would otherwise be readily detectable, We are consi-
dering as filters GaAs Px alloy films, which should be able to be

l-x
fabricated if sufficient interest can be aroused. If upon a pure. GaP
substrate slab, there were built up an alloy layer > 20 p thick on each
side, with 0.30 < x 0.32, the result should be ideal. The filter should
be essentially transparent for A > 7000 R Stokes Raman scattering, but
should exhibit {very strong) direct interband electronic absorption at the
ruby laser wavelength., Consultation with an autority (J. Whelan, of the
Materials Science Dept., of this university) leads us to believe that fabri-
cation should be possible, giving collaboration with workers having the
necessary facilities. Our particular scattering probiem of interest is in
local modes of impurities in GaP (we are in collaboration with W. G.
Spitzer at this point), but it is clear that such a filter would be a boon for

any sort of Stokes Raman scattering study with a ruby laser source.

We continue expansion of other general facilities, such as a
vacuum evaporation deposition system for making our own metal/dielectric

r..irrors, special gratings, etc.
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1.2.4 First Order Raman Effect in Wurtzite Crystals

CP 7804, National Science F oundation

C. A. Arguello, D. L. Rousseau, and S, P, S. Porto

First order Raman scattering from four crystals (BeQ, ZnO,
ZnS, and CdS) with the Wurtzite (C6V) structure has been investigated to
better understand the effects of the competition between the long range
electrostatic #nd the short range interatomic forces, and to determine
the contribution of the electro-optic coefficient to the polar phonon

gcattering intensity.

The Raman scattering data from ZnO and CdS are in substan-
tial agreement with prior investigations on these crystals, 1.2 In the
analysis of BeO,both the transverse and longitudinal components of the
Al and the El speries were observed and both E2 modes were found.

The BeQ frequencies are: AILO—IOSI cm_l; AITO-678 cm-l; EILO—

22 cm-l; E2-684 cm.l and 338 cm-l. For all of

=~}

-1 ~
1097 cm EITU-
these crystals the angular dependence of the transverse and longitudinal

. . 3 .

modes is in agreement with theory.” The analysis of the Raman data
. S . : : Lo 1,
from ZnS is in disagreement with the previous Raman investigations.
In the present study it is shown that the crvstal anisotropy does not split
the transverse or longitudinal phonons. They were located at 274 and
v -1 4 o
352 cm  respectively., The EZ phonons were demonstrated to occur at
274 (*m_1 (accidentally degeneratie with the transverse phonen) and at

-1 . . : 4 -1
S5 cm . A line previously assigned as an E_ phonon at 68 cmv ~ was
[~

shown to have the wrong depolarization characteristics to be of E,
[
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symmetry.,
3,6 . .

Loudon hag shown that the scattering cross section of a
longitudinal phonon depends or a detormaticn potential term and an electro-
optic term while the intensity of a transve:rse phonon depends only cn a
deformation potential term. The electro-optic coefficient Zij may be
written in the form
é)

t 1

#
Z..= £ (AE% £ BS
i) £

where S’ and St are the scattering efficiencies for the longitudinal and
transverse phonons respectively, and A and B a:e kncwn constants. By
measuring intensities of the transverse and longitudinal phonons the three
independent electro-optic coefficients were determined for each of the
crystals BeO, ZnO, and CdS. Comparison of these values with those

.1
measured by other methods at constant strain demonstra