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The optical properties of diamond are examined in the energy region up to 25 eV. A modified
parabolic-band model is used to explain existing experimental data on the dispersion of the real and
imaginary part of the dielectric function. Optical properties such as reflectance, index of refraction,
and extinction coefficient are also determined in the same region.

I. INTRODUCTION

Diamond is one of the basic classical materials in the
sense that its simple covalent band structure serves as a
model for the study of fundamental electronic properties
of crystals. The interest in diamond has revived in recent
years because of advances in the production of diamond
thin films by chemical vapor deposition or other
methods, an important development in optical and elec-
tronic technologies.! Ample information about the elec-
tronic band structure of diamond has been obtained
through the study of its optical properties.>> The present
contribution concerns such properties in the energy re-
gion up to 25 eV.

The optical properties of solids are most fundamentally
described by their complex dielectric function
e(lw)=¢,(w)+i€;(w). The two parts of €(w) can be de-
rived from the reflectance spectrum by use of the
Kramers-Kronig relations.* The reflectance and absorp-
tion spectra of all diamond- and zinc-blende-type semi-
conductors are known to exhibit similar structures,
which are well understood and attributed to interband
electronic transitions.’ 7 Korovin first explained the
dispersion of optical constants of semiconductors near
the direct absorption edge using a classical oscillator
model.® Cardona developed a model based on the joint
density of states and included contributions from the in-
direct as well as the main direct gaps.”!° Higginbotham
et al.,"! and more recently Adachi,'? improved the previ-
ous model by intrcducing the so-called parabolic-band
model (PBM) which explains adequately the optical spec-
tra of group 1V, III-V, and II-VI semiconductors. 2714
Other models have also been proposed by Marple and
Ehrenreich,'® Stern,'® Wemple and DiDomenico,'” and
Pikhtin and Yas’kov.'®

We have used a modified PBM model to account for
existing data on the dispersion of optical constants of dia-
mond in the energy region up to 25 eV. Our approach
consists in taking into account broadening effects to the
real and imaginary part of the dielectric function for all
major contributing energy gaps. In addition, we have in-
cluded similar contributions arising from the electronic
plasma. The latter contributions turn out to be of impor-
tance in the high-energy region, i.e., beyond 15 e¢V. In
planning, Sec. IT describes the extended PBM used here,
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while its application to diamond and all related results
are presented in Sec. III. To our knowledge, no similar
study has been previously reported for diamond, covering
the energy region considered here.

II. THEORETICAL CONSIDERATIONS

The reflectance spectra of all semiconductors with dia-
mond and zinc-blende structure exhibit similarities due to
characteristic peaks, which correspond to certain energy
gaps denoted by E;p (indirect), E,, Eq, E,, E}, E,, etc.
From the behavior of €,(w) and €;(w) in the vicinity of
these peaks it is possible to learn how such peaks are as-
sociated with specific interband critical points (CP’s).!%1°
Next we examine the independent contributions of these
gaps to the dielectric function, starting with the PBM
formulation which we then extend according to the
present approach.

A. E, and E ; gaps

The E, (I'ys—T%) and E ('S5 —T'{5) direct gaps and
the corresponding spin-orbit split gaps E,+A, and
E{+ Ay appear in the €;(w) spectrum as absorption edges
and in the €,(w) spectrum as sharp peaks. In most cases
they are recognized as three-dimensional minima CP (M,
type). According to the PBM, the contribution of each
gap to €,(w) is of the form?°
3/2

Silx)+ filxo)

o

W

[ei(@)]o= 4, , (D

where o, corresponds to the energy of either of the gaps
(E, or Ep) and w,, corresponds to the energy of their
spin-orbit split counterparts (E,+A4A, or Ej+Ap); by
definition xy,=w/wy and xo, = /wo,. The coefficient 4
stands for $P%(2u* /w,)*/?, where u* is the average re-
duced mass of the electron-hole pairs and P? is an aver-
age momentum matrix element. The function f; is
defined by

(x —1 )1 /2

fi(x): 2

X

H(x—1), (2)
where H is the step function
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0 for y <O

Likewise, the contribution of these gaps to €,(w) has
the form

5091

effectively done by replacing w+iT for w and taking the
real part of the resultant expression.” T is an appropriate
width in energy units. Application to the E, gap alone
has been presented by Adachi in a number of III-V and
group IV materials.!>”'* We have applied this approach
to Eq. (4) by replacing w+iIl'y (o +iTy) for w in the first

3/2
o 1| % (second) term inside the square brackets of Eq. (4). The
[e,(@)=1]o= Ao | frlxo)+ W Frlxo) | “@ resulting expression is
where
f0=x"2—(1+x)2=(1—x)"2H(1—x)] . 5) Le(@)=11o= 4o | frp(x0,70)
Contrary to f,(x) itself, its first derivative is discontinu- 1 | o 372
ous at x =1. The discontinuity is removed if broadening + 2 X Srs(Xo5:705) | > (6)
effects of phonons, lattice defects, and impurities are in- g
troduced in Eq. (4). Phenomenologically, this is most  where yo=To/@g, ¥o; = o; /@0, and
|
F67)=(x2+y) 2 (x2—y)[2—F(1+x,7)—F(1—x,y)]—2yx[F(—x —1,y)—F(x —1,1)]} , (7)

with
y+(y2+7/2)1/2 172

> (8)

F(y,y)=

The function f,,(x,y) is shown in Fig. 1 for various
values of y. By definition, f,,(x,0) is equal to f,(x) of
Eq. (5).

Next we examine how the broadening energy affects
the contributions of E; and E, to €;(w). Upon substitut-
ing @ +ily (w+il,) for @ in the first (second) term in-
side the square brackets of Eq. (1), we find for the real
part,

3/2

1
Sivn(X05570s)

(0]
fib(x0770)+5 °

[e/(w)]o= 4, -

’

Wos

9

0.6

0.4

fio(x,7)

0.2
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FIG. 1. The function f,,(x,y) of Eq. (7) for various values of
the parameter y.

[

where
Fine,7)=(x2+9y) 2 [(x2 =y F(x —1,y)
+2yxF(—x+1,7)]. (10)

With y being small compared to unity, Eq. (10) diverges
as x —0 because of the term (x2+7/2)72; this is contrary
to the observed dispersion of €;(w) below the absorption
edge. However, we are interested in the dispersion of
€;(w) in the region just below (x $1) and above (x = 1)
the absorption edge. For this reason we construct the
function

(x2—y?)F(x —1,7)=2yxF(—x +1,y)

b (X, V)=
fiplx.y [1+(x>+y* = DH(x*+7y*= D]
(11)
1 C T T T T T ]
=
X 107k e
L o003 ]
- 0.01—, E
0.005—+|__y=0
-2 1 1 1
10 0 1 é 3

X

FIG. 2. The function fj,(x,y) of Eq. (11) for various values
of the parameter y.
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which coincides with f,(x,y) for x 21 and is very close
to it for x S 1. Under these conditions Eq. (11) represents
fairly well the dispersion of €;(®) in the region of interest.
In Fig. 2, f/,(x,y) has been plotted for various values of
y. By definition, f},(x,0) is equal to f;(x) of Eq. (2). Fi-
nally, Eq. (9) becomes

3/2
, 1 | @o '
[e;(w)]o= A4, fib(x0’70)+5 - Siv(Xo5,Vos)
Wog
(12)
B. E, and E| gaps
The E, (L}—LS, Aj—A{) and E| (L% —L§,

5—A$§) direct gaps and their spin-orbit split counter-
parts E;+A, and E}-+A] manifest themselves in the
€,(w) and €;(w) spectra as peaks, usually above the lowest
direct gap (E, or E;). In most of the cases they are
recognized as three-dimensional M -type CP. However,
the longitudinal effective mass along the [111] direction is
much larger than the transverse effective masses; one can
then approximate these three-dimensional CP by two-
dimensional minima (P, type).!! The contributions of
these gaps to the imaginary and real part of the dielectric

Ly(x,y)=—(x*+y%"? %(xz—yz)ln[(xz—yzﬁ1)2+4x27/2]+27/x arctan
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function, without any broadening included, are given by*°

[e(@)=mAx °H(x;— ) +7A,x " H(x,,— 1),
(13)
[6,(@)—1};= A L(x;)+ A L(x), (14)

where x|, =w/w; and x |, =w/w,,; w; corresponds to the
energy of either of the two gaps (E, or E}) and w,, corre-
sponds to the energy of their spin-orbit split counterparts
(E,+A, or E|+A}). The function L(x) is defined by

L(x)=—x n|1—x?| . (15)

This latter function diverges at x =1 contrary to the ex-
perimental data for €,(w). If, however, broadening
effects are taken into account the function becomes finite
at x =1. We incorporate these effects into Eq. (14) in the
same phenomenological manner as before, i.e., by replac-
ing w+il'| (0+iT'}) for o in the first (second) term of
the right-hand side of Eq. (14). The resulting expression
is

[e,(@)=1];= A4, Ly(x 1,7 )+ A Ly(x1,715) 5 (16)

where ¥, =I",/w,, ¥, =TI, /0, and

__J
vzﬂ%—H : an
x“—y—1
C. E, gap

The arctan is defined in the region (—,0]. In Fig. 3, we
show plots of L,(x,y) for various values of y. By
definition, L,(x,0) is equal to L(x) of Eq. (15). Inclusion
of broadening in Eq. (13) does not change significantly
the form of this function.

Lo(x,7)

FIG. 3. The function L,(x,y) of Eq. (17) for various values
of the parameter y.

The E, gap is represented by an intense broadband in
the spectra of €;(w) for all diamond- and zinc-blende-type
semiconductors. It is attributed mainly to transitions at
the X point of the Brillouin zone.*” From the behavior
of €,(w) and €;(w) around this point, the E, gap is recog-
nized as a two-dimensional saddle CP (P, type). Further-
more, Adachi has shown!? that it can be represented by
an effective damped harmonic oscillator with contribu-
tions to €,(w) and €;(w), which are given by the standard
functions®!

(1—x2)

elw)—1),=4,——F——
e (@ Ja 2(1—x%)2+y%x§

, (18)

and

YaX2
€lw),=A4),———5———5 - (19)
et = e g
Here x, =w/w,, where w, corresponds to the energy of
the E, gap. A, is the strength of the oscillator and v, is
a damping parameter.

D. Ep gap

The E gap corresponds to indirect transitions. Be-
cause such transitions involve weak second-order pro-
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cesses, their observation is possible only in frequency re-
gions which are free of other strong processes.!® This
means that E; can be observed in the €;(®) spectrum as
an absorption edge only if it happens to be the lowest gap
of the material (e.g., C, Si, Ge, and GaP). The contribu-
tion of E;p to €,(w) is considered negligible,'® while its

contribution to €;(w) has the form?>10
RE
[Ei(a))]IDZAID 11— H(xlD—I) ’ (20)
X1D

where X;p =0 /(0pTop.,). Here wpp corresponds to
the energy of the indirect gap (energy difference between
the initial and final states of the transition) and @, is
the energy of the phonon involved in the transition. The
+ (—) sign corresponds to phonon emission (absorp-
tion). The coefficient A4y is proportional to the Bose-
Einstein function fg(wppe,/T) for phonon absorption,
and to f5 +1 for phonon emission.

The indirect transitions are usually modified by exciton
effects, at least for the indirect gap materials mentioned
above. In this case, the contribution of the E;y gap to
€p(®) is similar to that of an M,-type CP,!° which has
already been encountered and discussed in Eq. (1), but
without the spin-orbit term, i.e.,

le/()lip=Apfi(Xp) , 21

where X p =0 /(0;p—Etop,). Here E,, is the bind-
ing energy of the indirect exciton. We see that the exci-
ton and phonon energies result in shifting of the absorp-
tion edge below the indirect gap energy. The amount of
shift and the overall band shape is modified when we in-
clude broadening effects in Eq. (21), as was done in Eq.
(1). We then find for the contribution of Ej to €;(w),

[e:(0)]ip= A fip(X1p: VD) » (22)

where 7p=Ip/(0p—ELtwyne,). In this case, no
plotting is necessary for Eq. (22) in view of Fig. 2.

III. OPTICAL PROPERTIES OF DIAMOND
A. Available data

Diamond is an indirect gap material with E at 5.47
eV; the absorption at this energy rises abruptly by several
orders of magnitude.>?* Natural diamonds can be
classified in various classes according to their infrared
and far-ultraviolet optical properties. Type-I diamonds
(most natural diamonds are of this type) absorb light at
three distinct bands around 0.15, 0.25, and 0.41 eV (Ref.
24) with a secondary absorption edge around 4 eV.?
This behavior is mainly due to nitrogen impurities.?® In
type-Ila and -IIb diamonds the 0.15-eV band and the
second absorption edge are absent; type-IIb diamonds
(semiconducting diamonds) phosphoresce in the far ultra-
violet, exhibit electrical conductivity?’ and a rich
impurity-induced absorption spectrum in the infrared.?®
Furthermore, types I and II show different behavior in
photoconductivity.?* Type-Ila diamonds are considered
most pure and representative of the ideal diamond crys-
tal.

Here we are interested in the optical properties of dia-
mond in the ultraviolet, i.e., for energies greater than the
fundamental absorption edge. In this region, types I and
IIa show similar behavior® and their properties have been
studied experimentally by many workers; as a result am-
ple information is available. The reflectance spectra of
type-1 and -Ila crystal samples, in particular, have been
repeatedly reported. The real and imaginary parts of the
dielectric function can be inferred from such spectra.

One common characteristic of all published reflectance
spectra is the presence of two major peaks. Nelson and
Crocker?® observed these peaks at 7.19 and 12.7 eV, Phi-
lipp and Taft>*2 at 7.1 and 12.5 eV, Clark et al.? at 7.02
and 12.5 eV, Walker and Osantowski’! at 7.4 and 12.6
eV, and Roberts and Walker® at 7.2 and 12.2 eV. The
evaluation of the dispersion of the real and imaginary
parts of the dielectric function through Kramers-Kronig
analysis®>> has made it clear that the first peak originates
from TI'55—TI'{s transitions (direct gap E), and the
second one from X)—X{ and =}— 3§ transitions (E,
gap). This assignment is also supported by Armon and
Sellschop,®? who measured the angular dependence of
electron-energy-loss spectra of a type-Ila sample and ob-
served structures at 6.5+1.0 and 12.5+0.5 eV.

The positions of the E, and E gaps are rather uncer-
tain. Clark er al.?} and Roessler®> have observed a broad
peak in the reflection spectrum of diamond around 9.2 eV
which, however, has not been confirmed by other
researchers. On the other hand, band-structure calcula-
tions by Saslow et al.** and by Herman et al.>’ place the
E, and E| gaps near 11 eV, where the E, structure dom-
inates. This might explain the absence of any E, and E|
peaks from the reflectance spectrum. Structure has also
been observed around 16 eV (Refs. 2, 31, 32, and 36) (as-
signed to the X! —X$ transition® or to the I'js—T%
transition,*® namely, to the E, gap) and around 24 eV
(Refs. 2, 3, 31, 32, and 36) (assigned to the I'}5,—I'{ tran-
sition®’). Finally, the free electron plasma resonance for
diamond has been placed at w, =31 eV, according to the
electron-energy-loss curve —Im(1/€) calculated from the
optical constants® and, independently, from electron-
energy-loss measurements.>’

From all the available experimental results we have
chosen to use those of Philipp and Taft? which practically
coincide with the data of Roberts and Walker® and pro-
vide values for the absorption coefficient in the region im-
mediately above the fundamental absorption edge. The
secondary peak of reflectance observed by Roberts and
Walker® around 7.6 eV is absent in Ref. 2. It should be
noted, however, that in their earlier reflectivity data, Phi-
lipp and Taft’® mentioned the possibility of a small peak
present near 7.7 eV. Its magnitude was within the es-
timated uncertainty limits of the data and was not taken
into account (it occurred in a region of rapid change in
the hydrogen-arc spectral intensity). Furthermore, the
theoretical calculations on the band structure of dia-
mond**3** do not predict any transition around 7.6 eV.
Finally, it should be mentioned that the reflectance spec-
trum by Philipp and Taft’ was obtained with a type-I
sample. As Walker and Osantowski®! and Roberts and
Walker® have shown independently, type-Ila diamonds
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yield reflectance spectra very similar in structure but
lower in strength than those of type I (about 50% and
60%, respectively). In none of these studies has any
fitting to the data been undertaken over the entire region
from O to 25 eV.

B. Fitting procedure

In the remainder of this work, the experimental data
on the dispersion of the optical constants of diamond will
be described by use of the extended PBM presented in
Sec. II. The experimental curves for the real and imagi-
nary parts of the dielectric function given by Philipp and
Taft? were first digitized in the energy region up to 25 eV
and represented by 94 points. These points are shown in
Figs. 4 and 5, respectively, on a linear scale. The values
of €(w)=n*w) below 5.5 eV were calculated from

Sellmeier’s formula®®?
2 _ . a }\,2 b )\,2
n-—1= + R (23)
AZ—Ar A— k%

where a =0.3306, b =4.3356, A;,=175 nm, and A,=106
nm. The values of €;(1) just above the fundamental ab-
sorption edge were calculated from the absorption
coefficient a(A) of Philipp and Taft,? using the relation?!

21172
a(A)A
41

a(A)A

Y (24)

€M)= €, (M) +

The entire set of €;(w) points is shown in Fig. 6 on a loga-
rithmic scale. The two absorption edges are clearly seen.
The first, around 5.5 eV, is due to the indirect gap (Ep),
and the second, around 7.1 eV, to the direct gap (E|).
Clark er al.?® place the indirect gap at 5.47 eV. They
have also found that the indirect exciton binding energy
is 0.07 eV and the energy of the phonons involved in the
transition are of the order of 0.1 eV. Thus the observa-

20 T ~T T T T T T T T

.
v

-10

L

1

|

1
0 10

20

A. D. PAPADOPOULOS AND E. ANASTASSAKIS 43

20 T T T T T T T

&i(w)

-1 1 1 TR 1 1 1 1 1
OO 10 20

w (eV)
FIG. 5. As in Fig. 4 for the imaginary part of the dielectric
function of diamond, above the fundamental absorption edge.

Solid curve: results of fitting of the sum of Egs. (22), (30), and
(31) to the data.

tion of Philipp and Taft? that the absorption commences
at about 5.3 eV is in accordance with the above findings,
implying that w;p=5.47 eV is a reasonable choice. Like-
wise, we infer the position of the direct gap from the
maximum of the sharp peak of €,(w) at 7.1 eV (Philipp
and Taft? themselves place it near 7.3 eV). The spin-orbit
splitting of this gap is 0.006 eV, i.e., much smaller than
E|. Therefore wy, ~w,, and Egs. (1), (12), (4), and (6) are
simplified as follows:

[fi(w)]é):%Aof,'(xO) s (25)
[El(a))](’):%AO i’[,(Xo,Yo) s (26)
[er(w)wl]’OZ%AOfr(xO) ’ (27)
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FIG. 4. Energy dispersion of the real part of the dielectric
function of diamond. Dots: experimental points (after Ref. 2).
Solid curve: results of fitting of the sum of Egs. (18), (28), and
(29) to the data.
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FIG. 6. As in Fig. 5 for the imaginary part of the dielectric
function of diamond, on a logarithmic scale.
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FIG. 7. Asin Figs. 4 and 5 for the real and imaginary part of
the dielectric function of diamond after simultaneous fitting.

[, (@)= 115=2 A0 (X0, 70) » 28)

respectively. It is also noted that in our model we have
ignored any contributions from the experimental struc-
tures at 16 and 24 eV, as we are only concerned with
effects arising from the primary gaps.

The data points for €,(w) were first fitted by the sum of
Egs. (28) and (18), with wy=7.1 eV and A, v, @,, 4,,
and Y, as free parameters. A background constant A,
was added to account for the contribution of all other
gaps. The value found for 4, was negative (—1.7). We
attribute this to a contribution of the plasma electrons;
the latter is expressed by the well-known Drude formula

1
x+v}

e, (@) —1],=— , (29)

where x, =®/w, and v, is an appropriate damping con-
stant. We have therefore repeated the fitting with Eq.
(29) substituting for the background constand A.. The
values of the parameters found are presented in the
second column of Table I. The results are shown by solid
lines in Fig. 4.

Because of the abrupt rise of €;(w) above both E and
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E| gaps, we have fitted the experimental points with the
sum of Eq. (22) and of equations

[e/(@)]0=2 Ao fly(x0,70)H(w—5.5) , (30)

Y2X2
[6,-(a))]2=A2———22—2—2H(a)—7.1) s (31)
(I—=x3)"+7ryx;

i.e., we consider that the contribution of the E gap starts
at 5.5 eV and that of the E, gap at 7.1 eV. We have used
Bp=5.5eV,wy,=7.1eV,and Ap, V1p, 4g> Vo» @25 A3
and v, as free parameters. Their values are presented in
the third column of Table I. The results of the fitting are
shown in Figs. 5 and 6 by solid curves.

In order to check the self-consistency of the results, we
have repeated the fitting simultaneously for both, €,(®)
and €,(w). The parameters obtained are presented in the
fourth column of Table I. The results are shown in Fig. 7
together with the data. The results of the fitting turn out
to be consistent within 5%.

IV. DISCUSSION

We have used an extended parabolic-band model to de-
scribe the experimentally available dispersion of the real
and imaginary part of the dielectric function of diamond.
Contributions from all primary gaps (Ep,E(,E,) and
from the electronic plasma have been considered. The re-
sults are shown in Figs. 4—7 and are in satisfactory agree-
ment with the data. The apparent deviation in €,(w) of
Fig. 4 around the minimum at 12.5 eV may be due to ex-
perimental reasons. [It should be noted in this regard,
that in the earlier reflectivity data of Philipp and Taft3°
the minimum value of €,(w) appears less deep than the
present one.] We have found that the plasma contribu-
tion improves significantly the dispersion at higher ener-
gies. A similar contribution has not been taken into ac-
count in other materials of the diamond- or zinc-blende-
type materials.'>”!'* [In the case of GaP, for instance,
Adachi'? finds A4,=3.03, 4,=6.35, y,=0.016,
A,=2.08, y,=0.132, and 4,=—0.9. We have repeated
this fitting including the plasma contribution (0, =16.5
eV) and found 4,=2.03, 4,=6.61 y,=0.01, 4,=2.14,
¥,=0.12, and y,=0.66.] As shown in Fig. 5, the fitting
is not satisfactory at higher energies, where €;(®) is ex-
pected to decrease gradually as w > (because of the plas-

TABLE 1. Values of the various parameters obtained from the fitting to the data of the theoretical
expressions for €,() and €;(w), independently (second and third column), and simultaneously ( fourth
column). We have used @;p=5.5¢eV, wy=7.1eV, 0,=31¢V.

Parameter €,(w) €(w) €(w),€(w)
Ap 0.1 0.1

7 2X1073 2X1073
Ao 10.0 7.0 7.7

Yo 0.001 0.001 0.001
w, €V) 11.7 11.7 11.7

A, 2.7 2.8 2.8

Y2 0.170 0.175 0.175
Vs 0.675 0.925
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FIG. 8. Reflectance of diamond for incident photon energies
in the range O to 25 eV. Solid curve: results of present calcula-
tion based on calculated values of €,(w) and ¢,(w) from Fig. 7.
Dots: experimental points (after Ref. 2).

ma contribution), tending to zero at about O=0,. In-
stead, a long tail appears to persist in the fitted curve.
This is attributed to the contribution of the E| gap,
which imposes on €;(w) a slower (o 3/?) dependence on
the frequency. Finally, it is seen from Fig. 6 that the
model explains satisfactorily the €;(®) dispersion immedi-
ately above the fundamental absorption edge.

In Fig. 8 we present the experimental and fitted values
for the reflectance of diamond and, likewise, for the index
of refraction and for the extinction coefficient in Fig. 9.
With the exception of the high-energy region where the

A. D. PAPADOPOULOS AND E. ANASTASSAKIS 43

0 10 20
w (eV)
FIG. 9. Asin Fig. 8 for the index of refraction (n) and the ex-

tinction coefficient (k) of diamond. Dots: values calculated
from experimental points for €,(w) and €;(w) of Ref. 2.

same deviations commented above appear to persist, the
experimental points and the results of the present model
are in satisfactory agreement.
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