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OBJECT IVES

The study was intended to calculate, by a Kramers-Kronig
analysis of available experImental data , the optical constants
of the semiconductors silicon and gallium arsenide for the
full range of optical electronic excitations (infrared to X-ray),
and to evaluate the results using various sum rules.

STATUS OF THE EFFORT

The calculation is complete, consistent with the experi-
mental data that the researchers were able to obtain . As
described in the report, further improvement awaits the
availability of more accurate experimental measurements in
various frequency ranges, particularly in the case of gallium
arsenide.

PUBLICATION

The work will be submitted for publication in Physical
Review B, probably in two parts (two art icles) .

PROFESSIONAL PERSONNEL

Dr. Eugene Shiles, Principal Investigator
Dept. of Physics
Virginia Commonwealth University
Richmond, VA

Dr. David Y. Smith
Solid State Sciences Division
Argonne National Laboratory
Argonne, Ill.

INTERACTIONS

The principal investigator spent several weeks at Argonne
National Laboratory, at the beginning and near the end of the
grant period .

INVENTIONS, PATENTS

No inventions or patents are associated with this work.

Note: In the text, there are separately numbered lists of figures
and references for the two parts of the report ; they are includedat the end of each part, respectively . The pages of each part are
also numbered separately.
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f 1
ABSTRACT

The optical properties of the semiconductors silicon
and gallium arsenide have been examined by a Krainers—Kronig
analysis of the available experimental measurements of the
optical constants (reflectivity , extinction coefficient,
index of refraction, and dielectric function) for these
materials. The results Include the full range of optical
electronic excitations, from infrared through X-rays, and
have been examined by the evaluation of various sum rules .

The sum rules are well satisfied by the resulting
silicon data, and the results are consistent with the various
experimental measurements . There is some question concerning
the data in the region of band-to-band transitions (visible
and ultra-violet) ; the resolution must await further experi-
mental measurements of reflectivity and/or dielectric function
in this spectral range. The silicon work constitutes the first
part of this report .

For gallium arsenide , the sum rules analysis indicates
that the available experimental measurements of the absorption
of gallium and arsenic may be too small in the X-ray region
at energies less than the onset of L—shell core electron
excitations. Also the data is incomplete in the region just
above the L-shell threshold . Comparison of the final results
with various experimental measurements also indicate that the
available normal-incidence reflectivity data in the region
of band-to-band transitions may be inaccurate (values too
small). The gallium arsenide calculation and the above
mentioned problems are described in the second part of this
report. The work is continuing , in an attempt to locate
more experimental data and to define more closely the
spectral regions where the presently available data is
inaccurate.
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(Optical Constants of Silicon)

1. INTRODUCTION

The optical constants of a material, which consist of the

reflectivity, index of refraction, extinction coefficient (or the

related absorption coefficient) , and dielectric constant are of

general scientific and technical interest. They are a function of

frequency (or photon energy) of the incident electromagnetic radi-

ation; for various reasons . the quantities cannot be measured at

all incident energies , and the technique of Kramers-Kronig integra-

tion may be used to extend the available data to the full spectrum.

Such self—consistent calculations were pioneered by Philipp and

Ehrenreich1 in a study of the optical properties of aluminum.

Philipp ’s analysis2 of the optical properties of pure silicon

includes an incomplete evaluation of the Krazner—Kronig integral

and an incorrect application of sum rules. Both of these problems

are described in detail below. In the present work we propose ,

by a complete Kramers—Kronig analysis and a correct application

of the sum rules (including some recent advances in the theory of

sum rules3 ’4), to correct the data where it is erroneous, put on

a firmer basis that data which is accurate, and extend the results

to incident photon energies above the K-edge. In this calculation

we treat only pure single crystal silicon at room temperature

(300°K) and the results include the full range of optical electronic

excitations (infra-red through X-rays).

For normal incidence reflection we have the complex quantity

= r (w )e  ietw ), P~(~ ) = r2 (w), (1)

I

_ _ _ _ _ _ _ _ __ _ _  _ _



2~,S y . ;

where R ( w )  is the fractional change in intensity of the reflected

beam as compared to the incident beam and ~(~ ) is the change of

phase of the electromagnetic wave upon reflection ; the depend-

ence on incident photon energy w has been indicated . The complex

index of refraction is

(
~ ) = n(w) + i K (W ) , (2)

where n(~ ), the index of refraction , measures the change in

velocity of the wave when it enters the material (v c/n), arid

K ( ~~) ,  the extinction coefficient, measures the loss of amplitude

of the wave as it passes through the material (change is propor-

tional to exp (-27rKx/X) , where X is the wavelength and x is the

distance traversed). We note here that the absorption coefficient

a is related to K by the expression a = 4rrK/X. In the limit of

long wavelength (the region of interest for the study of optical

properties) and in materials where the dielectric response is

isotropic, the dielectric properties can be described by the

complex dielectric constant involving only two numbers,

= (w) + i~ 2 
(w ) (3).

where c~ (w), the real part, describes the polarization of the

material, and c2 (w) , the imaginary part, measures the energy lost

by the electromagnetic wave , passing through the material , that

is dissipated in the material. The pairs of functions (R ,O ),

(n,K), and 
~~~~~.

‘ c2) are related by the Kramer—Kronig integrals in

such a way that one can calculate one quantity of a pair at any

chosen energy if the other quantity of that pair is known at all

energies. 

——-—-.- -.- -.------- . — - - -.- -—-—---— -.-- —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



If R ( w )  is the known function , then the integral to be

used to obtain 0 (w) at a chosen energy w~ is

0 ( w
0
) = W

o 
~ j  lnR(w) (4)

where p indicates that the principal value is to be taken in

the integration around the pole. If K(w) is the kiown function ,

then one uses, to obtain n ( w ) at chosen

n(w ) = 1 + 2 K (w)dw . (5)

0
Similar expressions allow one to obtain K ( W )

from n ( w ) , c1(w ) from c2 (w ) , and c 2 (w )  from

If both quantities of any t air is known at any given

energy , the others can be determined at that energy . The re—

iations are

R(w ) (n ( w)  — 1)2 +

(n(w) + 1)2 +

tan ( 0 ( w ) ) = -2K (w )

+ K ( w ) 2 — 1

= n(w)2 —

= 2n (w ) K ( w ) , ( 6 )

and various inversions of these expressions .

______ 

.
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In a conductor such as aluminum , roughly speaking , the

extinction coefficient K (w) cannot be measured accurately at

frequencies below that of the plasma frequency of the con-

duction electrons (approx. 15.3 electron volts in aluminum in

units of hw, where h is Planck ’s constant) and the reflectivity

R(~ ) cannot be measured accurately above the plasma frequency .

Kramers—Kronig analysis can be used to combine the reflectivity

data in the low region and the extinction data in the high

region and obtain all the optical constants for the full spect-

rum. For a semiconductor, R(w) is measurable below the plasma

frequency (approx. 16.7 ev in silicon) and K ( w )  is measurable

at the very low frequencies (below approx . 3 ev in silicon)

and above the plasma frequency . The procedure , in both cases ,

is to start with one function , for example R ( w ) , using the

available data in the measurable range and an approximation

f or the rest of the spectrum , and numerically evaluate the

Kramers—Kronig integral (eq . (4) for 8(w), in this example) .

Then the other constants are determined from the expressions (6)

and compared with experimental values in their measurable ranges.

The result for K(w) (in our example where we started with R ( w ) )

is then modified if necessary to match the experimental data ,

and another integration is done (eq . ( 5 ) ) .  eventually reproduc-

ing R(w) for the full spectrum. The procedure is then repeated

~ising the improved data until a satisfactory match with all experi-

ments is obtained. The initial data must be chosen carefully
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to keep the number of iterations, hence the computational time ,

to a minimum. For the conductor aluminum it was found5 that

using R (w) as a starting function allowed a reasonable deter-

mination of the optical constants in only one iteration . For

the semiconductor silicon , K (w )  may be a better starting func-

tion due to the availability of absorption data at both high

and low incident energies .

Once the optical constants are known for the fill spectrum ,

various sum rules can be used to test both the self-consistency

of the results (correct Kramers—Kronig calculation) and the ac-

curacy of the experimental data utilized. The “inertial” sum

rule4,

J (n(w ) — l)dw = 0 , (7)
0

essentially tests for the self consistency of the index of

refraction data, hence also the other constants evaluated in

the same calculation . The f—sum rules are expressed

ne = C J w F(w )dw , (8)
‘0

where F(w) is one of the three quantities c2(w) , 2K (w) , or the

energy loss function -Im(l/r(w)) = c2 (w )/ ( c 1 (w) + (w)), w is

the photon energy (in ev), and C is a constant depending on the

density of electrons in the materia~ (for silicon , C ~.009249

ev2). 
~~ 

is the number of electrons per atom participating in

the optical properties 
~~e 

= 14 for Si). Experimental data

that is too large or too small will not give the predicted value

for

_ _  ~~~~~~~~~~ - — - ,-
~~~~

. . - .—~~~--- -~~~ —,.~~~--- - -.~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
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Partial f-sum rules, that is, the evaluation of eq. (8) up

to finite energy rather than infinity , can help to indicate

whether the oscillator strength is properly .~.istributed among

the valence and the core electrons. In addition the three

variations of the f-sum rules should not give the same value

for the partial sums3, as we will discuss later.

We note here that the satisfaction of the sum rules is

a necessary, but not sufficient, condition for the validity of

the results ; the data must be shown to fit the experiments in

all important regions.

Phi.lipp s Kramers-Kronig calculation for silicon is in-

complete in that it does not include the effects of the cc~.c

electrons in the starting function. These effects show up ,.

in silicon, as peaks in the absorption curve (also in the other

optical constants) at about 100 ev (onset of L-shell electron

excitation) and 1840 ev (onset of K-shell electron excitation) .

This in itself is not expected to affect the evaluation of the

optical constants in the important region of the band to band

transitions to a large extent, although a correction of this

kind is of general scientific interest. Philipp ’s calculation

was intended to account for the influence of an oxide layer on

the silicon crystal sample during reflectivity measurements .

Part of that calculation included forcing the f-sum rules on

and -Im(l/c(w)) to equal 4 (valence electrons) when inte-

grated only up to an energy less ‘than the onset of L-shell absorp-

tion. Recent studies3 show that the two rules should not 9ive the

same value for this partial sum; we find that the c2(w) sum should
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be about 4.15 and the = Im ( l / c ( w ) ) sum should be about 4.05.

This could lead to an appreciable error in the earlier results .

The next section explains our choice of experimental data .

integration techniques , and iteration procedures for pure sili-

con, and presents our results.

2. KRANERS-KRONIG 1~NALYSIS

The calculation was begun by constructing a complete set

of extinction coefficient K (w) data from w = 0 to w-~~, for

single-crystal silicon at 300°K. Experiments show a rapid drop

in absorption below about 3 ev , and we take K (w) = 0 for w<l.05

ev; this behavior is due to the scarcity of electrons in the

silicon conduction band at 300°K. For the range 1.05 ev to 3.4

ev, we used a curve that closely fits the data of Dash and N ewman6 ,

So and Vedam7. Azzazn, Zaghloul, and Bashara8, and the transmission

measurement~ of Philipp 2 (not the oxide—free calculation results) .

Fig. 3 shows part of this curve. We note that the experiments of

So and Vedam and of Azzam , et al , are not a direct measurement of

absorption, but rather an ellipsometric method that leads to an

evaluation of the constants n(w) and K (w) at a given frequency .

As an initial approximation in the region where K (w) cannot be

measured . the K (w) results of Philipp and Taft9, obtained by a

partial Kr amers-Kronig Analysis of reflectivity R ( w )  measurements ,

were used in the range 3 ev to 7 ev , and the curve was approximated

from 7 ev to 10.5 ev. The range 10.5 ev to 19 ev was obtained from

a smooth curve fitted to the data of Sasaki and Ishiguro10 , who

measured reflectance at the two angles of incidence 200 and 7Q0 and

determined n (c~) and K (w) from this data. The range 19 ev to 30 ev
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was approximated by assuming free electron behavior in the region

just above the bulk plasmon frequency of 16.7 ev. We approximated

the 30 ev to 99 ev region by connecting the curve at 30 ev to the

experimental measurements of K (w) at 99 ev and above, and assuming

a behavior similar to that of aluminum in this range. Here the

valence (and conduction) electrons are essentially saturated ,

and the similarity of the cores in the two elements Si and Al

lead us to expect similar behavior. The region of L-electron

core excitations was obtained from the measurements of K (w) by

Brown, et alU. which include the range 95 ev to 210 ev. The

X—ray range above 210 ev was obtained from tables of experimental

values and theoretical calculations , all of which could be fit

by a curve with very nearly the dependence K(w)aw 3 9  except near

the onset of K-shell core excitations (at 1840 ev). The tables

are those of reference 12,13,14,15,16,17, and 18; most of these

tables give the mass absorption coefficient, which easily con-

verts to K(w). The function K(w) = Aw 4 was used as a high energy

extrapolation for the integration from w = 35000 ev to o-~~, with

the constant A obtained by fitting this function to the data from

the tables at w = 35000 ev.

Using this data, eq. (5) for n(w0) was numerically evaluated

at 378 points w0 in the range 0.15 ev to 30000 ev; the trapezoidal

rule was used, and the intervals were taken smaller in the energy

range where there is structure in K(w). The values of n(w0) and

___________________________________________ 
~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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at the 378 points are then used to calculate R ( w 0 ) ,  0 ( w 0 ) ,

and c 2 (w 0 ) at these points . using eqs. (6) . We note that

we have ignored absorption by the lattice in the far infra-red

(
~ .04 to .60 ev); this small effect, which involves multiple

phonon processes, should not have an appreciable effect on the

optical properties at higher energies.

In the next step we compiled a set of data for R(w) for the

full spectrum. For low energies . up to 1.5 ev, we used the n(w)

measurement of Primak’~~, Schwidefsky20, and Villa21. In this

region, where K(w) 0, R(w) is simply obtained from n(w) by

the expression ,

R(~) ‘(n(w) — 1)2

(n(w ) + 1) 2

From 1.5 ev to 10 ev we used the reflectivity measurements of

Verleur22 . For w>lO ev, the R (w) results from our calculation

&Jove were used up to 30000 ev, and the free electron behavior ,

R(w)cw 4. was used for the high energy extrapolation . We numeri-

cally integrated eq. (4) for the same 378 points 
~~ 

as above,

and subsequently calculated a new set of values for n(w0), K (W0),

and

To continue , we compiled an improved set of K (tA)) data, using

the earlier choice up to 3.0 ev , the results from the R ( w )  to

0 (w) calculation just above for the range 3.0 ev to 10 ev. and

the earlier choice of K (w) for w>l0 ev; this data is shown in 

-. .- — .. ----— , 
~~~~~~~~~~ 

— . L~~~~~~~~~~~~~~~



Figs . 1, 2 , and 3 (Fig. 2 shows K ( w )  only in the important visible

and ultraviolet regions and Fig 3 shows the low energy region;

various experimental points are included). The large absorption

in the visible and ultraviolet, including the peak s near 3 .4 , 4 .3 ,

and 5.5 ev , are due to electronic transitions from the valence to

the conduction band . the increases in absorption at 100 ev and at

1840 ev are due to L—shell and K—shell core excitations, respec-

tively. Integrating eq. (5) for this data produced the results

shown in Figs. 4 , 7 , 9, and 10 for n ( w ) , R ( w ) ,  
~~~~~~ 

and c2 (w)

respectively . Figs . 5 and 6, and 8 show n(w) and R(w), respectively,

in restricted energy regions . and include various experimental

values. In addition, we have included the energy loss function,

-I m ( l / E ( w ) ) ,  Fig. 11; this function shows a peak at the bulk

plasmon frequency of 16.7 ev.

As we will discuss in the next section, these results obey

the sum rules very well. The values we obtain for n ( w )  and

at the very low energies are within one percent of the experimental

results , which is within the accuracy expected from the numerical

integrations (see Fig . 5 for the n ( w )  comparision , where our data

is given by the solid curve ; also , we obtain £ l ( O) 11.5) . We

note here that the iterations and data choice described above

were not the only ones that we examined; we initially used the

Philipp2 reflectivity data in the band—to-band region, and also

the Philipp and Taft 9 data in the same region , but in both cases

were unable, after several iterations, to reproduce the experi-

mental values for n and at low energies, obtaining values 6%

____________________________________________



to 9% too small, as shown by the dashed curve in figure 5 for

n (the illustrated case utilizes ref. 2 reflectivity from 1.6

to 5.4 ev) . It seems that the reflectivity values of references

2 and ~ are too small; the Verleur22 data appears to correct

this problem . The Philipp and Taft  reflectivity data was obtained

from samples that may have been contaminated by oxides. The

Verleur data , and our results, will be discussed further in section

4.

We note here that only the graphs of our results are presented

in this paper. Tables will be published elsewhere.

3. SUM RULES

We first consider the inertial sum rule4 of eq. (7), which

states that the average value of the index of refraction n(w)

is unity . It is convenient to define a verification parameter

C by dividing by the absolute sum,

C = ‘o (ri(w) —

f’Jn(w) — lJdw
0

Due to uncertainities in the calculations, particularly in the

numerical evaluation of this and the Kramers—Kronig integral, a

calculated value of a few hundredths for ç should indicate good

agreement .

We obtain , util izing our calculated n ( w )  for the range 0.15 ev

~~ ~300OQ ev, n(w) = constant for w<O .15 ev, and free electron

behavior n (w) ~ 1 
- B/w2 for w>30000 ev where B is a constant

determined by fitting the data at w = 30000 ev ,

C — .0015 ,
which is an excellent result and shows consistency in our calculation. 

.- -- .- -—.  — - —.- .---~-~ -— — _~~~~~~~~ _~~~.&._ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~__lli~
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The f-sum rules, which as mentioned earlier may be written

in three formally distinct forms for the analysis of optical

spectra, give the number of electrons (per atom if suitably

normalized) effective in dissipative processes.

= ii 2 , (lOa)

w K ( w ) d w  = 7T w
2 

, (lOb)

f
~~mfr_

1 (w dw = ,, 
, (lOc)

where w~ = (4lrNe 2/m)½ , N denoting the electron density , is the

plasma frequency. It is useful to define the effective number of

electrons contributing to the optical properties up to an energy

w by the particaJ. f—sums (constant C is as given below eq. (8)),

neff ,~ (w ’) = C J wc 2(w)dw , (lla)
2

ne ff , K ( w )  = 2C ) wK(w)dw , (llb)

neff ,~~~
l ( w ) = ~Cj~ wIm~~~~

_1
(w~~ dw. (llc)

For w~~oo . we expect fl5ff = 14 (per atom) for all three rules

in silicon ; but the three rules do not give the same value for

the partial f-sums, that is, they differ significantly as a

funct ion of energy w~~, essentially describing somewhat different

processes3.
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The solid curves of Fig. 12 shows our results for ‘
~eff 

as

function of maximum energy w ’. We took c2(w) , K ( w ) , and —Im

L~~w ] equal to zero for w<O.l5 ev and proportional to

for w> 3 0000 ev , and numerically integrated eqs. (ha , b, c) by

the trapezoidal rule. The value for the £2 
- sum just below

the onset of L-she].l excitations (w~~ lOO ev) is consistent with

the value neff ~4.l5 predicted for the four valence electrons of

silicon, when Pauli redistribution of oscillator strength is

considered . Also, at this point, the three values of neff are

in the proper order , the £2 - sum being larger than the K - sum ,

which is itself larger than the -im(’~~’J - sum; they are also

in the proper ratio (from the graph we have values 4.15, 4.13, and

4.05). This ordering and ratio can be shown to be correct when

the background effect of the core electrons is considered3.

These three partial sum rules were also evaluated below the

L-edge for the oxide—free data of Phihipp2, and these results are

shown by the dashed curves on Fig. 12. They do not maintain the

correct order , crossing at approximately 50 ev, showing that there

is erro~ieous data below this energy .

Fig. 12 also shows the contribution to ‘~eff 
from the core

electrons, as well the total contribution. We find that, as w - ~

~eff~~
13
~
99 electrons per atom, which is an excellent result con-

sidering the numerical integrations involved in the calculations.

Considering the L-shel]. and the K-shell separately , they con-

tribute, respectively , about 8.15 electrons and 1.68 electrons.

Oscillator strength calculations, utilizing Hartree—Fock—Slater

wave functions (using the Herman and Skillman program 23 ) and con-

-~~ - ~~~~—~~~~~~ ———.. —~~~~~~
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sidering Pauhi redistr ibution of osc i l lator strength , predicts

8.33 for the eight L-electrons and 1.52 for the two K-electrons.

We feel that there is satis factory agreement between our results

and the theory for these core electrons , when one considers the

errors inherent in utilizing the HFS atomic wave functions ; we

note that the requirement of 14 elec trons for the total sum must

be satisfied more closely than these partial sums.

4. DISCUSSION

As has been discussed above, our results for the optical

constants of silicon appear to be valid ; both the sum rules and

the comparison with various experimental data are satisfied to

within computational accuracy . But some questions still arise

concerning the experimental data in the important range 3.0 ev

to 10 ev (.we used the reflectivity data of Verleur22 in this

range). A private communication revealed that the measurements

were made primarily’ to obtain data with which to illustrate

a theoretical method , rather than to make very accurate measure-

ments. Dr. Verleur has long since gone on to other work , and

coimnented mainly from memory ; thus we do not really know the

accuracy of this data. New measurements of reflectivity and/or

dielectric function In this region could help to confirm or cor-

rect our results. Experimental measurements in the range 20 ev

to 95 ev, where we were unable to find any data, would also be

helpful.

Related to the f-sum rules is the expression for the loga-

ritbmic mean excitation energy .
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Ln I = I~~~ n(w) Im t’~~~ (w)]dw . (12)

Im L~
_ 1 (w) ] dw

T)is is particularly useful in that I may be obtained from other

than optical experiments. For example, Tschalar and Bichsel24

obtained I = 173.5 ev for silicon by fitting theoretical range

functions to experimental energy loss data. Our data gives I

= 166.7 ev, 3.9% smaller than the Tschalar and Bichsel result,

using a high energy extrapolation of w~~ (for w>30,000 ev) in

the integrals of eq. (12). Other extrapolations, for example,

and w~~, increase our result by only a very small amount.

The data in the band-to--band region appears to have only a very

small effect on the result for I. Small changes in extinction

coefficient K ~fl the region from K-edge to 30,000 ev, where we

used the tabulated K data, have a large effect on the result for

I.

Our calculations concern only pure silicon at 300°K. Due

to the technical interest, we plan to extend the study to doped

silicon, and to other temperatures. We expect an increase in

absorption in the infrared with doping; in the n-type crystal,

this is due to an increase in the number of charge carriers in

the conduction band, and in the p-type crystals, to ’the increase

in the number of holes in the valence band, hence available final

states for low energy absorption. A decrease in the size of the

energy gap with doping may also contribute to the change. The

infrared absorption data of Schumann, et al25 and of Fistul26

show this expected increase. This increase in oscillator strength

___________  
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in the infrared requires a decrease elsewhere ; the result is

a decrease in reflectivity in the band-to-band region,as can

be seen in the doped silicon measurements of Lukes and Schmidt27,

Dubrovskii and Subashiev28, and Bramer, et al29 . This decrease

may be explained , in the n-type crystals , by a decrease in the

number of available final states in the conduction band , and in

the p-type crystals by a decrease in the number of electrons

occupying initial states in the valence band.

We expect little change in the optical constants with doping

at energies above that at which the valence electrons are nearly

saturated , as in this region the absorption is essentially that of

the core electrons, overlying only a relatively weak continuum

due to transitions from the valence band to higher levels in the

conduction band . Some absorption due to the core levels of the

dopant atoms will be present, but at the concentrations of interest

will contribute very little. Brown, et al11, shows only a slight

changes in the shape of the absorption curve of n-type silicon

when comparing the lightly and heavily doped results ; they state

that their other doped samples yielded absorption curves that

could not be distinguished from that of intrinsic silicon .

We expect the absorption to decrease with decreasing tempera-

ture in the infrared , due to the decrease in the number of

thermally excited electrons in the conduction band and holes in

the vale:~ce band (and may also be due to an increase in the energy

gap with decreasing temperature); this decrease in absorption

is shown in the results of Dash and Newman6, who measured

absorption in pure single crystal silicon at 77°K and 300°K.

_ _ _ _ _  

________________________
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The work of Lukes and Schmidt27 indicates that reflectivity

is increased in the ultraviolet with a decrease in temperature.

This effect can be explained , similar but opposite to the

doped crystal discussion above, by a shift in oscillator

strength away from the infra red. For energies above the

L-edge, Gahwiller and Brown~~ observe little change in the

absorption spectrum of silicon upon cooling to 77°K. We

expect little temperature dependence in the optical constants

at X—ray energies, as, again,the optical effects there are

primarily due to the core levels .

- 
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FIGURE CAPTIONS

Fig. 1. Extinction coefficient K , as function of inci dent

photon energy,  for ful l  r ange of optical electronic

excitations.

Fig. 2. Extinction coefficient K , emphasizing the region of

band—to-band transitions. Experimental results . from

a smooth curve fit to the data of Sasaki and Ishiguro10,

are shown.

Fig. 3. Extinction coefficient K , for the low energy region.

The experimental data shown are obtained from Azzam ,

et a18, So and Vedam7 , Dash and N ewman 6 , and a smooth

curve fitting the measurements of Philipp2.

Fig. 4. Index of refraction n , as function of incident photon

energy , for the full range of optical electronic exci-

tations.

Fig. 5. Index of refraction n for the low energy region . The

solid curve represents the result of the present calcu-

lation and the dashed curve a preliminary calculation

using some of the reflectivity data of reference 2 (see

text). The experimental data shown are that of Azzam,

et a18, So and Vedam7, Villa21, Primak 19, and a smooth

curve fitting the data of Schwidefsky20.

Fi g. 6. Index of refraction n, emphasiz ing the region of band-

to-band transitions . The experimental data shown are

that of Azzam , et a18, So and Veda2 and a smooth curve

f i t  to the data of Sasak i and Ishiguro ’°.
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Fig. 7. Reflectivity R , as func tion of incident photon energy ,

for the full range of optical electronic excitations.

Fig. 8. Reflectivity R, emphasizing the region of band-to—band

transitions. The solid curve represents the result of

the present calculation and the dotted curve is a

smooth fit to the reflectivity measurements of Philipp

and Taft9. The experimental measurements of Verleur22

are shown; we note that we started with Verleur ’s data

in the region shown, but that the solid curv e is the

result after a full Kramers-Kronig iteration .

Fig . 9. Real part of the dielectric function, £11 as a function

of photon energy, for the ful l  range of optical elec-

tronic excitations.

Fig. 10. Imaginary part of the dielectric function , £21 as a

function of photon energy , for the ful l  range of optical

electronic excitations.

Fig. 11. Energy loss function, —imE~~~~~ , 
i l lustrating the peak

at the bulk plasmon frequency of 16.7 ev.

Fig. 12. Number of electrons per atom contributing to the optical

properties , as a function of upper ]imit of integration ,

calculated from the three forms of the f—sum rule. The

solid curves show the results using the data from the

present calculation, and the dashed curves using the

data from reference 2.  The onset of core electron

excitations are indicated.
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1.

(Optical Cons tants of Gal l ium Arsenide )

1. INTRODUCTION

We have performed a Kramers-Kronig analysis of the available

experimental measurements of the optical constants of the Ill-V

semiconductor Gallium Arsenide. Only pure material , at 300°K. was

considered. Various sum rules were used to evaluate the self-

consistency of our calculation and the accuracy of the experimental

data. Our results include the full range of optical electronic

exci tations ,. from the infrared to X-rays.

Absorption by optical phonons in the far infrared is ignored

in the basic calculation; these effects, although large in an ionic

material such as GaAs , do not appreciably affect the Kramers-Kronig

analysis in the electronic absorption region and do not significantly

affect the sum rules analysis . For completeness we have examined

briefly the experimental measurements , by Pir iou and Cabannes1, of

the reflectivity in GaAs in the phonon region.

Absorption data in the X-ray region for photon energies above

158 ev were not available, and we approximated the extinction co-

efficient from 158 ev to 45000 ev by an appropriate combination of

X-ray data on Gallium and Arsenic. This should provide a reasonable

approximation, since the electronic excitations at these high energies

involve primarily the core electrons .

As will be discussed below, our results indicate that the ref lee-

tivity measurements in the band-to-band region may be too small, and

that the approximation in the X-ray region , while reasonable, results

in a total oscillator strength there that is too small - this may be

__________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



due to incomplete data (on Ga and As) at low X-ray energies

near the core levels , and at energies jus t  above the onset of

L-shell excitations.

Section 2 presents the choice of experimental data, the corn-

n’~tation method , and the results , while sec tion 3 gives the sum

rules analysis and sec tion 4 a br i ef discussion of t~ie region of

optical phonon absorp tion . Section 5 contains a d iscussion of

the results.

2. KRAMERS-KRONIG ANALYSIS

The Krainers-Kronig integral that enables one to calculate

index of refraction n(wo) of material at incident photon energy

~~ 
from extinction coefficient K (c~)) is

I...a A l  (tJ~JU)
n(~~~~i+~~ I’) ,, (1)

where P indicates that the principal value is to be taken. Thus

to produce n (~ 0), K ( U ~i) must be known at all energies ~~~~. When

this analysis can be made at a chosen energy 
~~~~~

, the other

optical constants such as the norma l incidence ref lec tivi ty

R (wo ) ,  phase shif t  0 (w o), and real and imaginary par ts of the

dielectric furttion c1(w~
) and c2((~O) (in the limit of long

wavelength, and in materials where the dielectric response is

isotropic , where the dielectric properties can be described

by the complex dielectric function involving only these two

numbers) may be evaluated from the expressions 

— , — —-, -—~~~~ — - —~~~-~~~~~-~~~~~.— - .• -.—— - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~
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Similarly , if R(w) is known for all incident photon energies

from 
~ to ~~~, then 0 (w0) can be evaluated from the Kramers-

Kronig integral ,

~~~~~~

The other constants can then be found at a chosen energy w0 by

various combinations of equations (2).

Since absorption data was available for both high and low

energies for the semiconductor GaAs (but not in the reg ion of

band-to-band transitions), we chose to construct a full set of

extinction coefficient data to begin the analysis. For very

small energies (below 1.375 ev) we choose K (w) = 0; this behavior
is due to the scarcity of electrons in the conduction band and

holes in the valence band in pure GaAs at 300°K. Experiments1’2

show appreciable phonon absorption below .04 ev, but this effect

____________________ ___________________________________________ — — •-
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does not contribute importantly to the Kramers—Kronig integral for

w0 in the electronic absorption region and it was thus neglected

in our basic calculation ; some discussion of this phonon absorp-

tion is given later. Absorption data in the range 1.375 ev to

1.46 ev was obtained from the measurements of Sturge3, and the

range 1.46 ev to 2.7 ev was approximated. The results of a

partial Kramers-Kronig analysis by Philipp and Ehrenreich4 was

used as an initial approximation in the band-to—band region , up

to 17.0 ev, Cardona, et al5, has measured the absorption in GaAs

from 15.0 ev to 158 ev using a synchrotron source, and we used

their data from 17.0 ev to 158 ev. Above 158 ev we were unable

to obtain any absorption data for GaAs, and had to approximate by

combining X-ray absorption data6’7’8’9 for Ga and As - this should

be a reasonable approximation since the atomic core electrons are

primarily responsible for the absorption at these high energies.

Thus , for the range 109 ev to 45000 ev (109 ev is the lowest point

for which we had Ga and As X-ray data) we approximated extinction

coefficient K for GaAs from the expression

IC (c~)~ .4It3q~tç•~
cw ) * .‘(8l 

~~~

where .434 is the ratio of the number density of Ga atoms in GaAs

as compared to the pure element and .481 is the same ratio for As

(using mass densities of 5.32 gm/cm3 for GaAs, 5.90 gm/cm3 for Ga,

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. - .

~~~~~



and 5.73 gm/cm3 for As). In the region of overlap, expression (4),

using the Ga and As absorption data, gives results about 8 percent

smaller than the measurements of Cardona , et al ; for our initial

choice we approximated the region 158 ev to 450 ev by fitting

value and slope to Cardona ’s data at 158 ev and to expression (4)

at 450 ev. Extinction coefficient K for the range 450 ev to 45000

ev was then obtained from eq (4) , and we used the extrapolation

K (w) ~ w
4 for w>45000 ev. We note that there was very little

absorption data available for Ga and As in the region of onset

of L-shell excitations (approximately 1000 ev to 1600 ev) and

our initial construction of K in this range is only a very rough

approximation.

Using this data, eq. Cl) for n (w0) was numerically evaluated

at 367 points w0 in the range 0.30 ev to 40000 ev~ the trapezoidal

rule was used, and the intervals were taken smaller in the energy

range where there is structure in K (w). R(w0), 0 ( w 0), c1(w 0), and

c2(w 0) were then calculated using eqs. (2).

The next step in the iteration was to construct a full set of

reflectivity R(w) data, and then to use eqs. (2) and (3) to calcu-

late a new set of extinction coefficient ic(w) data; this step is

required primarily to obtain an improved set of K (w) data in the

band—to-band region , where ref lectivitv RCw ) can be accurately

measured (and K(w) cannot). At low incident photon energy (approx.

0,73 ev to 1.38 ev) we used the index of refraction n (w) data of

:;rP1~~

o; in this range , where K(w) 0, R ( w ) is obtained from n ( w ) 

~~~- - - - —. —~~~~~~~~~~~~~~~ -~~-. - -
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Below .73 ev , we assumed a smooth fit of the above data to

R(w 0) .285815, again ignoring the effects of phonon absorption .

For the band-to-band region, we used the reflectivity measurements

of Philipp and Ehrenreich4; their data extended to about 25 ev, but.

we utilized it only up to 17.0 ev, choosing instead to rely on the

Cardona absorption data above 17.0 ev, where reflectivity is small.

We note that Philipp and Ehrenreich ’s reflectivity curve, while

showing an Increase in the region of d-band absorption (20-22 ev).
5

does not show the double-peaked structure that Cardona , et al, in

presenting theii~ absorption data , associated with a double peak in

the density of conduction states. From 17.0 ev to 45,000 ev, the

R(w) values resulting from the initial Kramers-Kronig integration

above were used , and above 45000 ev , free electron behavior , R(w)

a w 4 , was assumed. We numerically integrated eq. (3) for the same

367 points w0 as above , and subsequently calculated a new set of

values for n(w0), K (w0), c1(w
0), and c2 (w0).

We were then able to compile an improved set of K (W) data,

using the results of the R(w) to 0(w) calculation in the band-to-

band region and the earlier choice for K (w) above and below this

region. Integrating eq. (1) for this improved K (w) then resulted

in a new complete set of optical constants (again at 367 chosen

points in the range 0.30 ev to 40 ,000 ev, including all of the

important optical electronic excitations) . We note that the full

iteration was repeated several times, varying the approximations in

- . — .  —- —- . , 
~~

- -- 
~~~~
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the regions 1.46 ev to 2.6 ev, 158 ev to 450 ev, and 1000 ev to

1600 ev , in order to obtain an optimum overall match to all the

experimen ts and best satisfaction of the sum rules consistent

with the experiments (discussed in the next section).

Figure 1 shows the improved set of K ( w )  data , for the full

range considered . The large absorption in the range 1.4 ev to

about 15 ev is due to electronic transitions from the valence

to the conduction band . d-band ahsorr tions are exhibited by the

Increases in absorption beginning at about 20 ev (Ga 3d electrons)

and 41 ev (As 3d electrons) . Absorption peaks due to N11 levels

appear just above 100 ev (Ga 3p electrons) and just above 140 ev

(As 3p electrons); this structure is more evident in figure 2a.

Additional M—core absorptions are also expected at about 158 ev

(Ga 3s electrons) and 203 ev (As 3s electrons), but we did not find

any data to give the associated structure in c(w) and had to

approximate the region; these levels are expected to contribute

considerably less to the absorption than do the levels.

Just above 1100 ev is the onset of the L - shell absorptions

(Ga 2p and 2s electrons, and , at somewhat higher energies , the As

2p and 2s electrons ); as can be seen in Figure 2b, very little

data (on Ga and As) was available in this region , so the curve

here is only a rough approximation with peaks assumed at the

atomic energy levels of Ga and As. The onset of K shell

absorptions are seen just above 10000 ev (Ga and As is electrons) .

As an aid in understanding the absorption s, Table I gives the

energies of the various coure levels in the Ga and As atoms (taken

from reference 11) .

• .. 
~~~~~~~~~~ 

... .. — - .
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Table I. ATOMIC ENERGY LEVELS11

(values are given in electron volts)

Gallium Arsenic

IC 10 ,367 K 11,867

1298 L1 1527

1142 L11 1359

1115 L111 1323

158.1 203.5

106.8 M11 146.4

M111 102.9 
. 

M111 140.5

The solid curves in figures 2a,b , and c show K(w) in the

X-ray region, and include the data that was used to define these

curves , while figure 3 exhibits K in the important band-to-band

region , including some experimental data at the upper and lower

ends of this range. Figure 4 gives K near the absorption edge,

and shows the data of Sturge3 and of Panish and Casey12.

In figure 5 we exhibit the normal incidence reflectivity

curve resulting from our calculation ; the structure is due to the

various absorptions , as discussed above for extinction coefficient.

Figure 6 shows our reflectivity results near the band edge, as well

as experimental measurements of R and of index or refraction n (we

‘n—l’ 2can calculate R ‘ ‘ where K IS small). As will be discussed
(n+l) 2

L . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ . • .  ~~~~~~~~~~~~~ 
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below , our final Kramers-Kronig integration was unable to repro-

duce the experimental values at the low end (where K~ 0); this

is probably due to R values in the band-to-band region that are

too small, possibly due to oxides and/or surface preparation prob-

lems. Figure 7 exhibits R in the band-to-band region and the

experimental measurements of Phi].ipp and Ehrenreich (points taken

from their published curve , which are not necessarily their data

points) . We note that we used their data in this range but that our

f inal  result (the solid curve) is the result of a full  Kramers-

Kronig iteration (two numerical integrations) . The dashed curve

in figure 7 was drawn to fit the R measurements of Morrison13,

which extend to about 5.5 ev. In figure 8 we show reflectivity

from 15 ev to 24 ev , exhibiting the onset of d-band excitations.

We note that, as mentioned earlier, we used the absorption data

of Cardona , et a15, at and above 17 ev, rather than the ref lec-

tivity data of Philipp and Ehrenreich ; the lack of a very close

match shows that the two sets of measurements are not fully

consistent with each other in the region 17 ev to 23 ev.

F igure 9 shows index of refraction n(w) for the full range,

while figure 10 shows n (w) at low energies , along wi th some

experimental data. The discrepancy between our results and

experiment at the low end is related to that discussed above for

reflectivity .

Figures 11 and 12 show, respectively , the real part 
~ 

and

imaginary part 
~2 

of the dielectric function for the full photon 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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energy range considered , while figure 13 exhibits the energy loss

function -Im [~’(w )~~~3 = £2 / (e~ + ) .  For the same reason as

discussed above for reflectivity R, the Cl result cannnot be trust-

ed at low energies. For example, one expects , from experiment,

Cl 13.10 below the absorption edge; our result is clearly smaller

than this.

Before proceeding with a further discussion of our results,

we present an analysis of the various sum rules.

3. SUM RU LES

The inertial sum rule16 essentially tests the self-consistency

of the index of refraction data, hence that of the other optical

constants obtained in the same calculation.

0.
o

It is convenient to define a verification parameter by dividing by

the absolute sum,

a

Due to uncertainties in the nuxnberical calculations (and in the

experimental numbers used) , a calculated value of a few hundredths

for $ should indicate good agreement.

I -~~ - --~~~~~~~~~~~~~~~~~~~“ - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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We obtain -.0007 . which is an excellent result.

The f-sum rules may be written in three formally distinct forms

for the analysis of optical spectra.

where F(w) is one of the three expressions

c2 (w ) , 2K(w), or -Im~~~ (w)~~ J . = (4TrNe 2/m) ½ is the plasma

frequency , where N denotes electron density. These expressions

may be normalized is such a way as to give number of electrons

per atom or “molecule ” contributing to dissipative processes. For

our study of GaAs we obtain

(7)

where C = .020846 ev 2 for the GaAs “molecule ” . We expect a result

n (~ ) = 64 for GaAs for all three f-sum rules; a result that is too

small or too large indicates a lack of or an excess of oscillator

strength, respectively , due to inaccuracies in the optical con-

stants that form the integrand of eqn. (7).

One may also examine the distribution of oscillator strength

by introducing the partial f—sum s, where neff (w ) is the number

of electrons contributing to the optical properties up to energy 

.---~~~~~~~~- , - ~~~~~.- , - - . -.— -~~~~~~~~~a~~~~~- .~~~~~~~ —..-
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(I
V%0~~(6i ) cç0

c.)4~ e) e(o, 
(8a)

a

~ (8b)

~~~~~~~~~~ C5’J ~~~~~
S’I

~~~~~~~~~~~~~
)) 

~~~~~~~
. (8c)

The three rules do not give the same value for the partial sums,

since the integrands describe somewhat different processes ; they are

expected to converge at large energies w .

The solid curves in Figure 14 exhibit the partial f-sums of

eqs. (8a ,b,c,) as a function of upper limit of integration ~~~~~.

At low energies w the three rules give results that differ

substantially , and they are in the order n > fl f f  >e ,c2 e
this ordering can be shown to be correct when the back-

ground effect due to polarization of the core electrons is taken

into account17. As w~ increases toward infinity , the three curves

merge. We obtain n(~) 62.55 for all three rules, indicating a

lack of oscillator strength as described by our data (as above,

n(°~) should be 64). Further examination of the curves of Figure

14 can indicate the distribution of osciLLator strength, hence

help to locate the energy range(s) where the optical constants

are inaccurate. As can be seen in Figure 14, the oscillator

strength of the lower levels is not yet exhausted at the onset of  
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L-shell absorptions, and the oscillator strength of the L-shell is

not yet exhausted at the onset of K-shell absorptions . To obtain

a reasonable estimate of the oscillator strengths of the K—shell and

L—shell electrons (as described by our set of optical constants) we

first artificially removed the K—shell absorption by assuming that

—3.5 .
K decreases as w from an energy just below the K absorption

threshold to 45000 ev and as w 4 afterward (see dashed curve in

Figure 2c), and performed the complete Kramers-Kronig calculation

and sum rules analysis with this modified K data; we then made a

similar calculation with K decreasing as w 3 5  from an energy just

below the L-shell absorption threshold to remove the effects of

both L- and K-shell absorptions (see dashed curve in Figure 2b).

The dashed curves in Figure 14 show the effects on the partial

f-sum rules , giving n (~ ) 59.96 with the K-shell electrons

artificially removed and n(~) 47.10 with both and L— and K-

shell electrons artificially removed . We thus obtain 2.60

effective electrons for the K-shell (where there are 4 electrons) ,

12.86 effective electrons for the L-shell (where there are 16

electrons), and 47.10 effective electrons for the lower energies

(where the 44 M-level, d-band , and valence electrons are contri-

buting ; as can be seen from figure 14 , the contributions from

these lower levels overlap and cannot be separated as can that

of the deep core levels , in GaAs). Due to Pauli redistribution

of oscillator strength , we do not expect the ‘
~eff values for the

various levels to equal the actual number of electrons present;

the expected numbers and the conclusions drawn from matching

these numbers with our calculated results will be discussed in

Section 5.

____________ -~~~~~~ - — - ~~~~~~~~ —~~~~~-——-.- • -—-
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One more expression , related to the f-sum rules , may )~e

discussed at this point. The logarithmic mean excitation

energy I is given by

F
(& h& r..~[,cc~~) ~~~

— 
• (9)

J 4) ~~ Cc~~~Clt&)
0

I may be obtained from other optical experiments , for example ,

stopping power experiments, making this result a particularly

useful one for evaluating optical data. We obtain I 355.45

ev.

4. OPTICAL PEONON REGION

In GaAs there is considerable absorption in the far infra-

red due to excitation of optical phonons . We have performed

some rough calculations that indicate that this absorotion

contributes only very little to the Kramers—Kronig calculation

of the optical constants in the region of electronic excitations,

and to the sum rules analysis (the contribution is considerably

less than the expected computational uncertainty of the numerical

integrations). Thus it is safe to neglect the phonon absorption

when the interest is basically in the region of optical electronic

excitations. The phonon absorption is interesting in its own

right, and we discuss it briefly here in terms of a reflectivity

sum rule introduced by Smith and Manogue18. Piriou and Cabannes’

present reflectivity measurements that exhibit a phonon effect 

-- ..“~~~~~~~~~~~~~~~ -- - -~~~~~~~-- -- ~~~~~~~~~~~~~~~~ - ,  -,. - -. 
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near 0.035 ev; they also present n ( w )  and K ( w )  data in this
region , obtained by a partial Kramers-Kronig analysis of their

reflectivity data . We used the R-sum rule to evaluate their

reflectivity measurements.  This R-sum rule can be expressed

~~~~~~~~~~~~~~~~~~~~~ )~~~~~~“ 1 3 (10)

where Rb is the background reflectivity due to the electrons
and w is an energy above that of the phonon effects but below

the absorption edge for electronic excitations . We obtain a

result of 1.003 for ~.he data of Piriou and Cabannes, using

= 0.2 ev; the R-sum rule is thus obeyed for this data .

. . . . .  

_ ..,~ -
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5. DISCUSSION

As mentioned earlier , our compilation of the optical

constants of GaAs for incident photon energies in the region

of optical electronic excitations reveals two major discrep-

ancies. We were unable to reproduce the experimental measure-

ments of index of refraction n(hence also reflectivity R and

real part of the dielectric function C l) in the region below the

absorption edge , and the analysis by f-sum rules indicates a

lack of oscillator strength in the X-ray region .

We discuss f i r st how the discrepancy in the low energy

region reveals itself. We used experimental measurements1° of

index of refraction to construct the normal incidence ref lec-

tivity curve below the absorption edge (about 1.4 ev in G a A s ) .

Kramers-Kronig integration then allows us to calculate extinction

coefficient K for the ful l  range - we do this to obtain values

of K in the band-to-band region , where absorption cannot be

measured . Subsequently we constructed our “ improved” K curve ,

using the above result in the band—to-band region and experimental

values of ~ above and below ; K ~ S set equal to zero below the

absorption edge here . Kramers-Kronig integration then results

in a new compilation of all the optical constants - but the

values of R,n, and Cl thus created, below the absorption edge ,

are about 10% smaller than the experimental values. The more

likely explanations for this are that the measurements of

absorption near the edge , by Sturge 3 , give values that are too

_ _ _ _ _ _ _
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small , and/or the normü incidence reflectivity measurements ,

in the band-to—band region, by Philipp and Ehrenreich4, are

too small. We performed some rough calculations to see how large

a change is needed to reproduce the index of refraction measure-

ments , by artificially increasing the values of our “improved”

K in the questionable regions and examining the results of a

subsequent Kraxners-Kronig integration . We note here that the

absorptionsin the far infra-red due to optical phonons do not

have a significant effect on the results , and are thus not

expected to be responsible for the discrepancy .

We were able to roughly match the index of refraction

experiments by increasing K 23% in the region from 2.5 ev to

5.1 ev (we used Philipp and Ehrenreich ’s4 R here in the original

calculation); this results in reflectivity values throughout the

band-to-band region that are about 12% larger than the measure-

ments except near the peak at 5 ev, where the difference is about

45%. Increasing K only in the region of Sturge ’s measurements

(roughly 1.375 ev to 1.5 ev) was ineffective,requiring a 75%

increase in K here to increase n below the edge by about 1%

(recall that the discrepancy was about 10%). Increasing K in

both regions (1.375 ev to 5.1 ev) was more effective; an 18%

increase enabled us to roughly reproduce the n measurements .

The effective increase in R here was about 10% throughout the

band-to-band region (30% near the 5 ev peak) . We also evdluated

the sum rules for the latter case; the f-sums gave an neff value

of 6 2 . 7 6 , about 0 .2  electrons larger than the original results.

- — 
p 

~

— — -. ----S — -— ,—-- - -

~~ 

, —-- —&--- --

~~ 

—. —a--- - . - - 

~

—

~~~

‘ - ---—. - -.-



The discrepancy at low energies thus does not account for the

lack of oscillator strength (we need to account for about 1.45

electrons) .

The lack of oscillator strength , primarily in the X-ray

region, may be due to inaccurate and/or inadequate (not enough

points to reproduce the structure) measurements in some regions .

As discussed earlier, the partial f-sums evaluated using our

data indicated that there are 2 .60  effective electrons in the

K—shell, 12.86 in the L—shell, and 47.10 in the lower levels (M-

shell , d-bà nds, and ‘ralence) . We calculated the expected oscillator

strengths for the variou s transitions in the Ga and As atoms using

Hartree—FOck-Slater atomic wave functions (we utilized the

Herman and Skillman Program19) and, taking into account Pauli

redistribution of oscillator strength , found that the K-shell

result should be approximately 2.54 effect ive electrons , the

L-shell result 13.18 , and the lower levels 48 .28 .  Due to calcu-

lational “noi se” and errors inherent in the HFS atomic wave

functions , we feel that there is satisfactory agreement in the

K—shell , reasonable agreement in the L-shell (could be a small

discrepancy, due to inadequate data) , and that the lack of

oscillator strength must lie primarily in the lower energy X-ray

region (extinction coefficient values here must be too small).

The present set of optical constants for GaAs appear to be

the best that can be derived from the experime ntal data presently

available. We suggest that experimental values of R,n,  and

— .. ... S..~...S.. _..__ J .-.~~~ wA_ .
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rather than our curves , be used below the absorption edge

(abou t 1.4 ev); these can easily be obtained for R and n by

drawing a smooth curve through the experimental points in

our Figures 6 and 10, respectively.

Improvements can be made by new measurements of reflectivity

and/or dielectric function in the band-to-band region , and of

absorption in the X—ray region , primarily in the range from

about 150 ev to the onset of L-shell absorptions . (Absorption

measurements elsewhere in the X-ray range would also be help-

fu]., as we utilized only Ga and As measurements at energies

above 158 ev) . Absorption measurements to better define the

structure just above the L-edge are also required .
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FIGURE CAPTIONS

Fig . 1. Extinction coeff icient  < , as function of incident photon

energy , for full range of optical electronic excitations .

Fig. 2 (a) Extinction coefficient K , from 17 ev to 700 ev. The

experimental results of Cardona , et al 5, fa ll on the solid

curve up to 158 ev , and the data obtained by an appropriate

combination of Ga and As X-ray absorption data , from Henke

and Ebisu 9 , are shown . (b) Extinction coefficient K near

the onset of L-shell absorption . The combined Ga and As

data , taken from the tables of reference 6 and reference

9, are shown . Data taken from references 7 and 8 have been

excluded for clarity ; these point fal l  on the solid curve

at the higher energy end of this figure . The dashed

curve shows an approximate K with the L- and K-shell

electrons artifically removed . (c) Extinction coefficient

K near the onset of K-shell absorption . The combined

Ga and As data , taken from the tables of reference 6, are

shown ; data from references 7 and 8 also fall  on this

curve . The dashed curve shows an approximate K with the

K-shell electrons artificially removed .

Fig . 3 Extinction coefficient K ~ fl the region of band-to-band

excitations. Some of the experimental data, taken from the

curves given by Sturge3 and by Cardona, et a].5, are shown .

Fig. 4 Extinction coefficient K near the absorption edge. Points

taken from the experimental curves given by Sturge3 and

by Pan ish and Casey12 are shown .
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~~ 

-~~~~~ -- -~~~~~~~~~~~~~~~~~~ -- ~~~~~ .-~~~~~~~ _ _



w -

~~~~~~~~~~ ~~

- - 

~~~

- - - ---

~~~~~~~~

--

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fig . 5 Normal incidence reflectivity R for the full range of

optical electronic excitations .

Fig. 6 Reflectivity R near the absorption edge. Also shown

are data taken from the experimental curves of Philipp

and Ehrenreich4, Marple10 , and Clark and Holonyak 14 .

We note that references 10 and 14 give index of

refraction n , which converts to R by the expression

R = (n-1)2/ (n+ 1) 2 in energy ranges where c< (n-1. The

point at R (w=0) = .2858 is taken from the n (~~) curve

given by Stern15.

FIg . 7 Reflectivity R in the region of band-to-band excitations.

Points taken from the experimental curve of Philipp and

Ehrenreich4 are shown . The dashed curve shows the

experimental results of Morrison’3.

Fig. 8 Reflectivity R near the d-band absorption just above

20 ev. Points taken from the experimental curve of Philipp

and Ehrenrejch4 are shown. We note that we chose to

use the Cardona , et al 5 absorption data in this region

rather than the data of reference 4.

Fig . 9 Index of refraction n for the full range of optical

electronic excitations .

Fig . 10 Index of refraction n near the absorption edge . Points taken

from the experimental curves of Marple10 and of Clark

and Holonyak14 are shown .

L --~~~-- - -~~~~~~~~~~~~~~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~
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Fig. 11 Real part c1 of the dielectric function , for the

full range of optical electronic excitations .

Fig. 12 Imaginary part e2 of the dielectric function , for

the full range of optical electronic excitations.

Fig. 13 Energy loss function , indicating a peak at the

plasma frequency of the valence electrons . Our

results give the plasma frequency at 13.9 ev.

Fig. 14 
~eff t

~~~ 
as function of upper limit of integration

w~ , calculated from the three forms of the f-sum

rule. The dashed curves sho: the results with the

K—shell absorption artificiall emoved (upper

dashed curve) and with both the L- and K-shell

absorption artificially removed ( lower dashed

curve).

-C 4



_ _  — - -  

4.3

F~~. 1

Il’)
• a

S

• —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- a

c~J 4 I

a

a

I I I 
I

N — c~J ‘1~ %.A)
I I I

‘.4

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_ _ 

_I_~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Ff 3. 2a

— -:
~

a’ I
/ -:

~
C 1’

I
L

U / -
~~~~It.)

x /
I .

Q
—

~~~~C’.’

I —
~~~~‘-4

U I  I l h h I 1 J h I  ~~ J i l l i l  I I I

-- ~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
1_ 

~~~~~~~~~~~~~~~~



r~’T V 
~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~ 

‘,, c~,I 
w ~

I _

_

_ 

_ 
_

_ _

~ ;E~ ~ ~ ~ ~~ :~~~~~~~~~:~~:~
= ~ E :~~ : t : : .~ fr~ 4~~~ ~Z ~ .L~~

mi ~~~~~~~~ ~ L ~~~~~~~~~ 
:L~~ 

_

~~~~~~~~~~~~~~~~~~~~~~~

-

~~~~~~~~~~~._  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~:= = -= ~ :; :: ;==_i—:::.= : i;=~;= 1 ~ 
;:: ~~= = = _____

~~~~~:~~~=t=~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~ 1~ F~~~ ~~~~~~~~ _ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

—-
~_ _ _

:c~~~~ ~~~~~~~~~~±t~~~: ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~ 4 ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ 

~~~~~~~~~~O ~ 
~:: 

~~~~~~~~~~~~~~~~~~ 

_ _  

~~~~L-I~i ~-.- - -
— 

— -~~~~~- :~~ ~~~~~~~~~~~~~ 
—‘--

~
- 

~~~~~~~
-‘— - _-. - - . , 

— : ~~ -~~: : -
~~~

-

~~~~~ :~~~i~ ~~~~~~~~~~~
m ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
= 

_ _

-~ ~ t n !  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

:-~~~ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—

~~

~~~~~~~~~~~~~~~~~~~~~~~~~ ~ ~ ~ 

~~~~~~~~~~~~~~~~~~~~~~~~~ I
~ : ~~~~~ ~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
~ w:IT:r —- -__=_ . 

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ___________
~~~ ~~~~1 t1 : t ~~~ ~ ~~~~~~~~~~~~ 

_ _ _ _  

~~~~~~~~~ ~~~~~—__

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
~ffI I ~ I 

_ _  

~~~~~~~~~~~~~~~~~~~~~~~ ~
LUJ~— ~ -~

,-I
~- ~~~~~~~~~~

‘ ~~~~~~~~~ ~~ HH~ ~1

:
~~~~~~~~~~~
j : 

~~~~~~~~~~~~~~~~~ ~ HT ~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

1~~~.j~T~7t~ H, H. 
~~~~~~~~~~~~~~~~~ ~ 

. ,
~

j~~~*
o o r ~~~~ o u ~ ~~ 

C,, ~1 
~

~~~~~~~~ - - -- -—— ~
_ 

~~~~-_——— ~~ ~-~. - -.- . --- — —. —~~~~~~ -,.~~~~-———~~~~~~~~~~~~~ 
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



V ~~~~~~~~~~~~~~~~~~ 
,—i. —i —I - -._ . — _ __r . .  - .—_ .-——--__ -— 

~~~~~~~~~~~~~~~~~ 
— .-.

~~~~
-_---— - --

~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~ 

—‘

~~ ~ 

_  

_

_
E1~~~~~~~~~~~~~ 1~~~~~~~~~~~~

EE 
_ _  ~~~~~~~~~~~~~~~~

/o~ 
~~~~~~~~ 

~~~ ~3~H+ T ~~ :i~ i7t~ t_ 
~~ET~

::~~ ~~~~~~~ ~~~~~~~~
~~~:: ~~~~~~~~~ ~~~~~~~~~~: ~ ~ :: ::: :4~ ~ ~~ ~ . , : : ~ ~ ~~ : : ~~~ ~~i~~: ____

~ :~~LL ‘4 
_ _ _ _ _  

_________
~ ~U H Liftf J~Si~ ~~~W~~’~~L~L L 

_ _I I I I I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~ - ~-T~~~~ ~~~~~~~~~~~~~~~~
~1_i I ~~~~~~~~~~ ~~~~~ } 4 .~~~I~ ~~ 4~~~~L . 

-
~~~

I ~~~~~~~~~~~~ H ‘ ..L ~~~~~~~~~~~~~~ I -4-— I .

C” -J~fj  I ~t 1~t Lt_.tI ’ I / Ii I .Lit I I I - C”

~~~~~ 
-~

_
~~~

.
~~

__f
~ 1 1 ( - TL ~( ‘~ T~ ~1i I ‘

I F -H~F ~~~~~~~~~~~~~~~~ ~ThH - H _
~~~~~~~~~~~~~~~~~~ L~~~~±~~I ‘ I t IH ~~~L _ _

~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

.Tt[l H 
~‘tiii

:.L’
~ 
. 

1’
03 C...) (~v /

L~. ~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~



-_

1~~
-

I..

~0~~~~~‘, ‘p

~~p 
.1

‘4-

• It, It) U.)

‘4 f’~ ‘.4



r 
—- - -.

y f)  
~~ :

‘3 
.

d
-

‘-4

‘1
‘I.

V _‘
~
-

-
-a

•

X G

a

a

- 1’)
a

S

~J I I I  I I I I t i i I 1 1 1 1 1 1 1 1  I Ju l I E I I  F

— — c’..’ 1~I I I
-— a ~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



‘-w-- 
~~~~~~~~~~~~~~~~~~~~~~~~ 

-.._-- -- -_ -- .—.— —- ‘----———- ‘—._ — --_-.,— .- __. -- —._-___ -_ 

—Il

_____________________  U-,
— ‘.4

- a

N
a)’

:~~~: 3
J -~~~~- . a

0

—

S

S

S

J ~ I ‘ 

~ 
1 I

I
~:I 

I~~ I
a;!

‘-I a a a

-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —---—~~~—~~~-~~——_ ~~~~~~~—- —~~—_ -_ - . .~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -



33.

~~~ ~

_____________________________________ U~)

c~J

N

U,

I-, -
.

:~. 3
a

-a

~4

x

o o x ~~
F J  J~~~~I I i  J~~~J I I 1J 1  I I I~~~~I E~~~~I J I  I I I~~~~I I I

-- 
. ~~~~ A t-~~~~~~~~~~~~~~~~~~~



~33~ 
II ,

1 % %. 7

_
q
~?

‘-4

+

I,

C

-Q
(l.a —

V

I ~~

- 

I

L _____________



_ _ _ _  -
~ 3f 

- -

F;~ . 8

— C...’

+
I,
C

U

‘p

clJ

o .
r

~
.

d

3
0 -

0 -

~~~0
0 -

0
-Sw
a

S

I I I I

m (~‘J0 0 0 0
Cl Cl Cl

1



V. ‘ 
~~~~~~~~~~~~~~~~

—- ---
~
—- -—..--- .- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

3s
F;%.

• a

— —

p

fi)

• -a

:~~)
• a

S

C4

• -a

S

L4

______________



v ~ 
‘ - ‘

~~~~~~~~~~~~~~~~~~~

‘. 

~~~~~~~~~~~~~~ 

‘

~~~~~~~~~~~~~~~~~~~~~~~~~

-— ‘ --- -- — - - - - -- — --- --- --

~~~~

- - - -

Fi s. 1O

U-)

C’.’

N

U,
-

3:
\ Cl-

\ a

‘I.

‘I

x -
~~~~

‘3 U

I UI I J P I I ~ I I I I 1 I I I I I I I I ~ ~
Clr..j f.. ~() N Cl

“4

~1



_____________________________________ U-i—Cl
• ‘.4

S

1~
• a

S

p

• —

~~~~~~~~~~~~~
-9: 0
— -a
S

S

S

S

I I P I I d I I I I I I I I I I I I I 1 1 1 1

U.) Cl U) -a

L -_ -..__.-. .~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- —

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



rr
.I I ‘ 

3 . 
__ - ‘

~ 

- --- - -.- — — .-- -----—- .- --.-_ -_ _

~~

U,
• a
S
S

S

S

i-Cl
5 —

~~III

S

S

i_Cl
— a
S

-

N

S

I !  I J  I~~~~~~~ 1~~~~~~~~~~~~~~~~~~~~~~~~~ I~~~~~~~~~~~~~~~~~ Cl

____________________________ ________________________________________ ~~~~~ - -~~~~~



F~ . 
-

~~~~~~~~~~~

Cl_•__________________________—•-•-•---—--r rn_ U,

KII
~ 

• N -:

S

S

- I t ~
)

— 
C’.’

— N

- C l
—Cl
:

C’i

- I’)—(s-

I I I I J  F l  I I J I I I I  1 I U I  1 1 1 1 1 1 1  I I I  I

a ,-i ,-4 Cl Cl

I
___ 

II

~ 

~~~~~~~~~~ ~~~~~~~~~~~~~- ‘-_‘.~~~~~~~~~ —.~~~~ - . .  - - ~~~~~~~~~~~~~~~~~



r—~ ~ ~~~~~~ ~
- - _—. -_ •— - - - -— 

-- - -_ - ‘  --•

~~~~~~ 

.- -
~~~~~ 

- -
~~ 

-w — --‘~~-- -~ 
- •

I I ~ 1 j ± ’ ~~~~~~~
F.

~~ 
1’I’ 

~~~ 
~~~~~~~

( : ~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _  

~~~~ _ _  ~~~
3 

‘4 ~~~~~~~~~~~ _ _ _ __ _ _ _  _ _ _ _  

rl

( 
2 

_ - -~~~~~~~~~~~~
i’

~~~~~~ E~~ ~~~~~ 

i:~
-
~ 

~~~~~~~ ~ ~ _ _

‘ 

1~ - ~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.
~~~ flt ~~t~~zI1~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~ ~~~~9. 
_ 

-
~~~~~~~:~~ 

• • it-
~~~~~~~

. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
: 1  ~ 

. H~ i~ 
;~~~~~

_ : - H 1~~!:~.-: ~~3 ~~~ ~~~~ 
.- -

~~~~~~~~~~~~ =: - -~ 
_
~=-=~ 

_
~ ~7 - E: ~~~~~~~~ ~~~~~~~~~~~~~ - 

-
..- _~~ ~

-iii 
~~~~~~~~~~~~

2 

H 
~~~~~~~~~~~~~~ _ ___ _

_  _ _

~~ 
~~~~~ 

~~~~~~~~~~~~~~ 4!~[f~!:E !:~~i.
‘i::: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

k11-
~

- :-~
-
~: 

7—I-:-; 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

:~ ~~~~~~~~~~~ 7;~~~

-

~7 ~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

=~~~:~

~ 

2~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
4 ~~~~~~~~~~~~~~~~~~

~ !~ ~~~~~~~~~~~~~~~~~~~~~~~~~_
~~~~~~~~~~~~~~~~~~~~~~~ 

H i  

_ _ _ _ _

h ~~ 

-

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- J

_ _  _ _  

——_ -— -
~~
--  

_
~
_

~_ _  ~ -1 
________X ‘

~~~ 
-~~~~~~~~~~~~~~~~~ -~~~~~H ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~

.. 
~~~ 55

_ _ _  

1~~~~~~~i~f~ == L~ i=~ii~ ~~~~~~~ --------_ _ _ _ _ _ _ _6 - -  _ _ _ _ _ _ _ _

- - ~_ - ~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~- -~~~~~~~~~- r :  3 ~~~~~~~~~~~~~~~~~ ~~
-

-~~ ~..j - . L - - ~-~- . - .I- ~~~~~~~~
--~ ~. ~~~~~~~~~~ ~~~T~I—z~-~~ f~4 

~— = L  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  _ _ _ _ _

- ~~~~~ _ _ _ _ _ _  _ _ _  _ _  _ _ _  _ _  _ _ _ _ _ _  

- E -  oc
U U I U

I,, ~~~~ 0N ~~ ~ 
~~ 

‘A 0

L - . ~~~~~


