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In this work the optical properties of natural (ITa) and p-type semiconducting (IIb) diamonds were
studied in the neighborhood of the first direct gap, at about 7 eV, whose energy position, nature, and ori-
gin are still under debate. The complex dielectric function e(w) of these materials was measured by
means of spectroscopic ellipsometry combined with synchrotron radiation in the energy region 5-9.5 eV
and the temperature range 80-800 K. The experimental results and the origin of the first direct gap of
diamond were discussed with use of band-structure and dielectric-function calculations, as obtained
from the linear-muffin-tin-orbitals method. The structure in the dielectric function related to the first
direct gap of diamond was found to be a contribution not only of 3—5 and 4— 5 transitions, as in III-V
materials, but also of 3— 6 and 4— 6 transitions. Furthermore, the obtained e(w) spectra were analyzed
with standard analytic line shapes and the observed differences between the two diamond types in the
temperature dependence of the energy position and broadening were discussed and compared with ex-
perimental and theoretical results on other III-V and group-IV materials. A temperature coefficient of
3.1(5)X 107 % and 2.3(5)X 10* eV/K was found for the first direct gap of diamonds IIa and IIb, respec-
tively (values larger than 5X 10™* eV/K reported for the other group-IV and III-V materials), which is
in quite good agreement with recent calculated results. Finally, the presence of a surface oxide layer and
the way it affects the dielectric function of the material, as well as the possible occurrence of a secondary
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reflectivity peak reported in the literature, were also commented on and discussed.

I. INTRODUCTION

Diamond is a particularly interesting material due to
the simplicity of its band structure, which serves as a
model for the study of the fundamental electronic struc-
ture properties of crystals. It presents electronic, optical,
and mechanical properties that have made it unique for
many technological applications. The recent success in
depositing diamond films on nondiamond substrates by a
chemical transport method' has revived the interest in
the material properties and potential applications but
also stimulated development of low-cost ways of produc-
ing synthetic diamond films from gases [especially by ep-
itaxial growth and chemical vapor deposition (CVD) at
low temperatures).? It has been realized that its proper-
ties make diamond a useful material for electronics appli-
cations. Its wide band gap, the stability at elevated tem-
peratures, and the convenience of hosting controllable
dopants (usually boron and nitrogen) allow it to operate
in high-frequency, high-power, and high-temperature ap-
plications.

Diamond is also interesting from a theoretical point of
view.3 710 It has been a test case for over 30 years, be-
cause in its classical structure the number of electrons in-
volved in theoretical calculations is low. As a result, a
variety of computational methods, first-principles calcu-
lations, and potential models,~7 especially the nonlocal
pseudopotential,* have been performed on diamond with
considerable success, in order to determine its structural
and cohesive properties.

Much remains to be done in the experimental field
about the optical and electronic properties of diamond.
Most of the reported work has been done using
reflectance measurements in the energy region 0-30 eV,
from diamond samples of type I and Ila at room and
lower temperatures.!'”!7 In all these optical measure-
ments large differences were found, not only in the abso-
lute values of the reflectivity but also in the shape and
structure of the spectra, especially in the region around 7
eV. A few more works provide us with additional experi-
mental data on diamond: Fontanella et al.'® studied the
temperature and pressure variation of the refractive index
of type-Ila diamond using capacitance techniques at au-
dio frequencies. Himpsel, van der Veen, and Eastman'’
took measurements on boron-doped IIb diamond using
photon-dependent photoemission techniques. Armon
and Sellschop® studied the energy loss and the Auger
spectra of diamond Ila. Collins et al.?! took lumines-
cence and optical-absorption measurements below 6 eV
on a *C diamond. Therefore one can notice the lack of
experimental evidence on the optical properties of dia-
mond, especially around and above the band edge, as well
as a disagreement concerning the energy position of the
first direct gap and its origin and the understanding of a
secondary structure that was observed in the early
reflectivity spectra at low temperature.

The optical properties of solids can be best described
by the complex dielectric function e(w)
[=¢€(w)t+ie(w)], which is associated with other
measurable optical quantities (i.e., refractive index,
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reflectivity, absorption coefficient) through simple equa-
tions. The observed features of the e(w) spectra are usu-
ally attributed to interband transitions, which take place
in the vicinity of critical points (CP’s) in the k space. Ex-
perimental investigations on diamond are made difficult
by the large band gap of the material, calling for vacuum
ultraviolet spectroscopies. In this work we analyze the
derivative spectra of e(w) measured in the energy region
5-10 eV using synchroton radiation as a source, investi-
gate the nature and origin of the observed CP’s, and per-
form electronic structure and dielectric-function calcula-
tions. Until now many analytical expressions have been
developed in an attempt to describe the dielectric func-
tion and the dispersion of the optical constants accurate-
ly. In our work we concentrate on two models. In the
first one,?? the joint density of states (JDOS) is considered
to be a sum of contributions from the main direct optical
gaps. The other one?>?* is an improvement of the previ-
ous model and introduces the parabolic band model
(PBM) to the calculations, thus describing adequately the
optical spectra of group-IV elemental and III-V and II-
VI compound semiconductors.

In the following section details on the experimental
procedure will be presented, followed by the band-
structure and dielectric-function calculations, as well as
the dielectric-function modeling in Sec. III. The results
and analysis of the temperature-dependence measure-
ments will appear in Sec. IV, with discussion following in
Sec. V, and conclusions in Sec. VI.

II. EXPERIMENT

In order to study the diamond properties in the energy
region 5-10 eV, we performed spectroscopic ellipsometry
(SE) measurements using synchrotron radiation as a
source. SE is a technique that measures directly both
parts of the complex dielectric function and therefore has
an advantage over other experimental techniques, such as
absorption and reflectivity, which measure the dielectric
function indirectly. Furthermore, SE is a better suited
technique, since the dielectric function rather than the
reflectivity is related to the electronic structure of materi-
als. The study of diamond at high energies requires
powerful light sources in the ultraviolet region. Conven-
tional lamps present problems in the energy range above
6 eV.!! On the other hand, synchrotron radiation is an
extremely powerful source in the ultraviolet region and
provides an “immense” energy spectrum. Therefore the
combination of SE with synchrotron radiation sources is
a powerful experimental tool and ideal for the study of
the optical properties of diamond above its fundamental
gap, i.e., 5.5 eV.

Our spectroscopic ellipsometry measurements took
place at the synchrotron radiation laboratory BESSY in
Berlin. We measured two bulk diamond IIa and IIb sam-
ples using light from a 2m-Seya-Namioka monochroma-
tor. The measurements were carried out within the ener-
gy range 5.5-9.5 eV with an energy step equal to 20 meV,
at an angle of incidence of 67.5° and in the temperature
range from 80 to 800 K. Details concerning the ellipsom-
eter construction and the accuracy of the sample align-
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ment will be found in Ref. 25. We simply note here that
the accuracy in the angle of incidence setting is calculat-
ed to be almost <0.2°, thus limiting the accuracy of the €
data to about 2—-3 %. However, this does not modify the
details of the structure present in the SE spectra.

Both diamond samples had a rectangular shape and
their size was 10X5X1.5 mm® approximately. Their
cleaning was performed by the following four stages:
Heating in trichloroethylene, then in acetone, and then in
methanol, at approximately 40°C for 10 min in each
chemical, and finally rinsing in deionized water. This
preparation process has proved to be the most efficient, in
comparison to all the other methods described in the dia-
mond literature.!®!726  Accompanied with subsequent
heating in high vacuum at 500°C, the above procedure
improves the surface quality, as will be discussed below.
After cleaning, the samples were placed neatly in the
fast-entry chamber of the ellipsometer, which was
pumped down by a turbo molecular pump. When the
pressure became low enough, the samples were
transferred to the main chamber, where the measure-
ments took place. The vacuum there was better than
1078 Torr. During the entire measurement process the
vacuum was of the order 10”8 Torr or better, necessary
to avoid the condensation of ice and oil films at low tem-
peratures that can take place if the pressure is higher
than 10~ 7 Torr.

The cooling of the samples was achieved by pouring
liquid nitrogen in a specially designed cylindrical tank, a
few inches above and in excellent thermal contact with
the sample holder. The latter was simultaneously heated
by two symmetrically located current feedthroughs and
in such a way a series of low-temperature measurements
could be obtained. The sample temperature was deter-
mined with a calibrated iron-Constantan thermocouple
and the temperature stability was typically 3 K.

III. METHOD OF CALCULATION
AND MODELING

The electronic structure of diamond is obtained by the
self-consistent linear-muffin-tin-orbital method (LMTO)
in conjunction with the local-density approximation
(LDA). The spin-orbit coupling is not encountered in the
calculations since it is very low and considered negligible.
The crystalline structure of the diamond type is rather
open, hence we introduce a number of empty spheres in
the lattice, in order to make the structure close packed.
The well-known ‘“gap problem” that occurs when the
LDA is applied to semiconductor materials is not
corrected. The main effect of this problem is an almost
rigid downward shift of the conduction bands.

The imaginary part of the dielectric function of dia-
mond is calculated along lines similar to those of Ref. 27
for energies ranging up to 20 eV. The k-space integration
is then performed using the tetrahedron method?® based
on 1900 points in the irreducible part of the Brillouin
zone (BZ). The resulting €,(w) was convoluted with a
Lorentzian function with a broadening I' =25 meV. This
broadening is used to smooth the calculated dielectric
function and is quite small compared to the experimental
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broadening values, as will be seen below. The real part of
the dielectric function is obtained through a Kramers-
Kronig transformation of €,(w), in which for energies
larger than 20 eV a tail is attached, similar to that used in
Ref. 29.

We shall first describe the analysis based on the deter-
mination of the JDOS, which is applied in the vicinity of
the observed critical points fairly well. This model con-
siders the €,(w) as a sum of contributions from direct op-
tical gaps. Hence the complex dielectric function around
an interband transition can be described by the following
analytic line shape:°

elw)=C — Ae'P(w—E +il)" . (1)

The parameters of the corresponding critical point,
namely, amplitude A, energy threshold E, broadening I,
and phase angle @, can be determined by numerical
fitting of the derivative spectra of €(w). The exponent n
has the values —1, 0 (logarithmic), +1, and —1 for one-
dimensional (1D), 2D, 3D, and excitonic (Exc) line
shapes, respectively. We attempted to fit the first and
second derivatives of the experimental €(w) spectra in-
stead of the e(w) itself, so that the features under study
are enhanced. The numerical calculation of the deriva-
tive spectra was obtained by using tabulated coefficients
taken from the literature®® to fit a polynomial of degree
five to the experimental data.”’ By taking into account
an appropriate number of points the derivative spectra
can be smoothed out without any significant distortion of
the line shape. From the determined optimum parameter
values we receive direct information on the energy sepa-
ration between the bands and the nature of the CP.

Theory predicts that, in case the observed transition is
due to a single CP, the angle ¢ should take values that
are integer multiples of 7 /2. That is, for a 3D CP the in-
teger values =0, w/2, m, and 37 /2 correspond to M,
M,, M;, and M, CP’s, respectively; for a 2D CP the
values =0, 7/2, and 7 refer to a minimum, a saddle
point, and a maximum, respectively; for an excitonic line
shape, the phase angle value ¢ =0 corresponds to a Fano
profile, i.e., the line shape that results from the interac-
tion of a discrete excitation with a continuous back-
ground.

The second theoretical model, according to which we
fitted and analyzed our experimental data in order to
study the nature of the first direct gap of diamond, is the
parabolic band model.?*>?*32 This assigns to the complex
dielectric function certain analytic line shapes, which de-
pend on the type and nature (i.e., E; 4, Ey, Eq, E{, E{, or
2D, 3D, etc.) of the observed gap. We shall briefly de-
scribe the line shapes that are important to our analysis.

The E, and E|, direct gaps (and their spin-orbit split
counterparts) are in most cases regarded as 3D minima
(M,-type) CP’s, whereas the E| and E direct gaps in the
III-V compounds (together with their spin-orbit split
counterparts) are usually recognized as 3D M, CP’s.
However, the latter gaps can be treated as 2D M, CP’s,
owing to the large longitudinal effective mass along the
[111] direction. The contribution of these CP’s to the
dielectric function is of the form?*3?
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(@) — 1= Ag[f1(x0)+ Hawo/wes)¥/2f (x05)]
3IDCP, ()
e(@)—1=A4,L(x,)+ A;sL(x,5), 2D CP, (3)

52(‘0):Ao[fz(xo)+%(wo/wos)3/2f2(xos)] , 3DCP,
4)

6&w)=(md,/x)H(x,—1)+(mAd,5/x3)H (x;5—1),
2DCP, (5

where »; and w;g (i =0,1 and s denotes the spin-orbit
counterpart) are the gap energies of the 2D and 3D CP’s
and x; (x;5) is defined by the relation x;,=w/w;
(x;s=w/w;g). The amplitude A, is expressed as
Ay=(4P?/3)(2u* /wy)*’?, where P? is the average
momentum matrix element, u* the average reduced mass
of the electron-hole pair, and H (z) is the Heaviside step
function. The inclusion of broadening modifies the above
relations in such a way that they resemble and reproduce
better the experimentally observed line shapes. Namely,
we replace w with the expression w+iT, so that the fac-
tors f(x), f,(x), and L (x) of Egs. (2)-(5) that are given
in Refs. 24 and 32 become

f1e)=(x2+p?H) U xt—y?)
X[2—F(1+x,y)—F(1—x,y)]
—2yx[F(—x —1,y)—F(x —1),y], (6)

(x2—y))F(x —1,y)—2pxF(—x +1,y)
[1+(x2+y2—1)H (x2+p2—1)]?

falxy)= , D

and
L(x,y)=— (x2+y2)720.5(x2—y?)
XIn[(x2—y?—1)*+4x%p?]+2yx

Xarctan[2yx /(x2—y2—1)], 8)
where
172
24,2172
Flx,p)= x +(x*+y*) ]
2
and

yi=T/w; yis=Tis/w;5 (i=0,1) .

For the energy range below the indirect gap threshold
we calculated the real part €,(®) of the dielectric function
[€,(w)=0] by means of the well-known Seelmeier formu-
la, where the contributions from the first direct gap (7.14
eV) and the main €,(w) peak (12 eV) are taken into ac-
count. The coefficient values are taken from Ref. 33.

IV. RESULTS

The calculated band structure of diamond is shown in
Fig. 1 along the center I" of the Brillouin zone and high-
symmetry lines in the k space. The dielectric function,
calculated for diamond as mentioned above, is shown in
Fig. 2. It is seen that the structure in €,(w), which is re-
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FIG. 1. Band structure of diamond in different directions of
the Brillouin zone, calculated with the self-consistent LMTO
method in conjunction with the local-density approximation
(LDA) and showing the first direct gap of the material.

lated to the first direct gap, is located too low (about 1.6
eV lower than expected), because corrections of the “gap
problem” that occurs in semiconducting materials have
not been taken into account.?’” The inset in this figure
presents the decomposition of €,(w) into the main contri-
butions from single pairs of valence and conduction
bands around the threshold energy. From this figure it is
evident that the most important contributions to the
imaginary part of the dielectric function of diamond arise
from interband transitions between the two highest
valence bands and the lowest conduction band, namely,
the 4—5 and 3—5 transitions, respectively. This is a
common feature in group-IV materials and III-V com-
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FIG. 2. The real and imaginary parts of the dielectric func-
tion of diamond. Inset: the main band-to-band contributions to
the €,(w) near the threshold energy.
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pounds.?”** Namely, the most important contribution to
the E, and E, peaks in these materials is due to transi-
tions from the last valence band to the first conduction
band, but there is also a significant contribution from
band three to the first conduction band. However, we
can see from Fig. 2 that for diamond the onsets of the
4—6 and 3—6 transitions coincide with these of the
4—5 and 3—5 transitions. This means that the strength
of the first direct transition in diamond should be higher
than that of its counterpart materials. The calculation of
the dielectric function shows that the first direct gap of
diamond arises from a region around the center of the BZ
and not only from a particular point of the k space.

Figure 3 shows the dielectric function of diamond in
the energy region 5.5-9.5 eV. One can observe an evi-
dent discrepancy between the experimental absolute
values of €,(w) obtained after chemical treatments, before
heating at 500 °C, and those given in Ref. 33 in the energy
range above 7 eV. Our €, shows a persistent decline
(dashed-double-dotted line in Fig. 3), whereas that of Ref.
31 shows a ‘“‘shallow minimum” at about 8 eV, after
which ¢, rises (solid line in Fig. 3).

The observed decline of €, could be explained by the
presence of a surface oxide layer on our diamond sam-
ples. For example, it has been observed that the forma-
tion of a native SiO, layer on Si alters decisively the
dielectric function of the material.?

In order to make an estimation of the influence of such
an overlayer on the dielectric function of our samples, we
calculated the effect of a hypothetical SiO, layer of
known thickness on our data. If the contribution of a
20-A-thick Si0, overlayer is subtracted from the spec-
trum taken before heating, the resulting dielectric func-
tion of diamond resembles better that of Ref. 33 (solid
line in Fig. 3). Although the correction of our data with
a SiO, layer was purely hypothetical, one can expect that
the existing oxide layer on our diamond surfaces will
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FIG. 3. The real and imaginary parts of the dielectric func-
tion, taken before (dashed-double-dotted line) and after (dashed
lines) heating. Solid lines show results from Ref. 31. Dashed-
dotted lines: the resulting dielectric function, if the contribu-
tion of a 5-A-thick SiO, layer is subtracted from the dashed
lines.
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FIG. 4. The dielectric function of diamond for several tem-
peratures, all taken after heating. The dashed-dotted line
presents results at RT before heating.

have similar effects on the dielectric function. It is also
notable that a rise of temperature causes a reduction of
the calculated overlayer thickness.

As already pointed out, in order to improve the experi-
mental results further, we heated the diamond IIa and IIb
samples in situ at 500°C for two hours and then started
the temperature-dependence measurements. Typical re-
sults of the experimental dielectric function obtained
after heating are shown in Fig. 3 with dashed lines at
room temperature (RT).

In Fig. 4 we show the real and imaginary parts of the
dielectric function of diamond IIb at 82 K (solid lines),
RT (dashed-dotted lines), and 700 K (dashed lines). The
main observable features are the onset of interband tran-
sitions, taking place at about 7.1 eV, the rise of €,(w), and
the strong broad peak of €,(w) indicating the first direct
gap of the material.

Figure 5 shows the experimental second-derivative
spectra of the real (open circles) and imaginary parts

Diomond Qg
160 K

o e Experiment -
- 2D model

excitonic »

fesdi? (eV?

(eV)

Energy

FIG. 5. Fits of the second derivatives of the real (open cir-
cles) and the imaginary (solid circles) parts of the dielectric
function of diamond IIb with a 2D (dashes) and an excitonic
(solid lines) model at 160 K.
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FIG. 6. Temperature dependence of the energy position of
the first direct gap of diamonds IIa (triangles) and IIb (circles),
as deduced from the first-derivative line-shape analysis. The
solid lines represent the best fits with Eq. (9).

(solid circles) of e(w) at 160 K in the spectral region
where the first direct gap of diamond is observed. The
solid and dotted lines represent the best fits to standard
excitonic and 2D line shapes, respectively, derived from
Eq. (1). The fit was performed simultaneously for both
the real and imaginary parts of d%e/dw’ using a least-
squares procedure. Both models have given about the
same quality of fits.

In Figs. 6 and 7 we show the CP energies of both Ila
and IIb diamonds obtained from the 2D line-shape
analysis of the first- and second-derivative spectra of €(w)
as a function of temperature. The solid lines represent
fits of the data to an average Bose-Einstein statistical fac-
tor for phonons with an average frequency @:3*
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FIG. 7. Temperature dependence of the energy parameter of
the first direct gap of diamonds Ila (triangles) and IIb (circles),
as deduced from the second-derivative line-shape analysis. The
solid lines represent the best fits with Eq. (9), while the dashed
lines present theoretical results taken from Ref. 52.
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30— YT 250 TABLE 1. Values of the parameters obtained by fitting the
Aaa I, aAa _ A energy gap values of the E| critical point of diamonds IIa and
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FIG. 8. Temperature dependence of the broadening parame-
ter of the first direct gap of diamonds IIa (triangles) and IIb (cir-
cles), as deduced from the first-derivative line-shape analysis.
The solid lines and dashed lines represent the best fits with Egs.
(10) and (11), respectively.

Furthermore, the temperature dependence of the
broadening parameter I' for the E gap of the IIa and IIb
diamonds is shown in Figs. 8 and 9, as obtained from the
first- and second-derivative spectra with 2D line-shape
analysis. The dashed lines represent data fits with a for-
mula similar to Eq. (9):

Ty

NT)=I'+—7F—
1 /T

(10)
This expression is based on the assumption of broadening
by interband scattering via phonon absorption and holds
only for the lowest direct gap. The parameter I';
represents the broadening at zero point plus a broadening
that is due to additional temperature-independent mecha-
nisms (Auger processes, impurities, electron-electron in-
teraction, surface scattering). The solid lines in Figs. 8
and 9 represent fits with the linear expression

0(T)=T, +yT . (11)
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FIG. 9. As in Fig. 8, from line-shape analysis of the second-
derivative spectra.

IIb vs temperature with Eq. (9). The numbers in parentheses in-
dicate the error margins.

Ep (eV) ap (eV) ® (K)
Diamond Ila 7.387 (180)* 0.32 (18)* 1060 (290)
7.590 (374)® 0.45 (37)° 1300 (420)°
Diamond IIb 7.271 (34) 0.19 (3) 1000 (200)
7.322 (210)° 0.18 (15)® 970 (620)°

#Values obtained by analyzing the first-derivative spectra.
®Values obtained by analyzing the second-derivative spectra.

The values of the parameters used to describe the tem-
perature dependence of the energy gap and broadening of
the first direct gap of diamond are listed in Tables I and
II, respectively, with the corresponding uncertainties
representing 95% reliability.

The second theoretical model which we applied to our
experimental data, in order to define the type of the first
direct diamond gap, is the PBM. We performed fittings
of €,(w) in the spectral region 6-8.3 eV, where the exper-
imental peak is observed.

We performed fittings considering a 3D line shape but
the theoretically produced peak was in most low-
temperature (LT) and RT spectra blueshifted in relation
to the experimental one, thus the energy gap best fit
values are a bit overestimated. At RT the resulting gap
energy is 6.90(5) eV, the same for both types of diamond.
The broadening parameter I' is found to be 135(25) and
115(20) meV for diamonds IIa and IIb, respectively. The
overall fitting quality for diamond Ila was better than
that of diamond IIb.

The consideration of two adjacent 3D+2D CP’s pro-
vides fittings of the same quality, both at LT and RT.
The calculations at RT have given a 2D CP lying at
7.06(3) eV and a 3D CP at 7.78(9) eV, with respective
broadening parameters 235(13) and 297(45) meV and os-
cillator strengths 1.53(8) and 7.15(30). Thus the overall
line shape of €,(w) results as a superposition of a 2D peak
on a pronounced 3D structure. At LT the results are
similar.

In Fig. 10 we show the experimental €,(w) data of dia-
mond IIb at 80 K (open circles), together with the corre-
sponding best fit line shape considering a combination of
two adjacent 3D +2D CP’s (solid line), as well as the two
constituting CP’s separately; the 3D CP is shown with
the dashed-dotted line and the 2D CP with the dashes.
The experimental values were fitted in the neighborhood
of the observed peak (6—8.3 eV), hence the discrepancy
between experiment and theory in the spectral regions
4-6 and 8.5-10 eV is well explained. The energy
difference of the two adjacent CP’s is estimated to be
about 720 meV, hence the two CP’s cannot be considered
as nearly degenerate. Taking also into account that a
model with two CP’s involves six free parameters,
whereas a model with one CP needs only three, we con-
clude that our PBM analysis indicates that the observed
structure cannot be satisfactorily described by two neigh-
boring 3D +2D CP’s.
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TABLE II. Values of the parameters obtained by fitting the broadening values of the Ej critical
point of diamonds IIa and IIb vs temperature with Egs. (10) and (11). The numbers in parentheses indi-

cate the error margins.

I’y (meV) Iy (meV) ® (K) ', (meV) v (meV/K)

Diamond Ila 169 (50) 212 (50) 1060 (fixed)® 149 (21) 0.108 (52)
231 (95)° 376 (95)° 1300 (fixed)® 125 (25)° 0.097 (72)°

Diamond IIb 127 (14)® 0.065 (38)°
117 (14)° 0.086 (34)°

*Values obtained by analyzing the first-derivative spectra.
®Values obtained by analyzing the second-derivative spectra.

V. DISCUSSION

A. Nature and behavior of the first direct gap

It is generally agreed that the onset of interband transi-
tions is due to an indirect transition between point I'js
and the absolute minimum of the conduction band, which
is found along the {(100) direction, sited approximately
at (0.8,0,0). Its estimations generally coincide at about
549 eV.

The first direct gap of diamond lies at photon energies
of about 7.1 eV. The experimental results and their
theoretical interpretations about its exact position and
nature are rather contradictory. The peak seems to be
due to the fundamental I'y5-I';5(E) direct transition at
the I" point of the Brillouin zone. The first works on dia-
mond performed reflectivity measurements in the UV re-
gion and generally agreed on the peak position: 7.1,!!
7.4,'2 7.02,'3 about 7.2,'* and 7.3 eV,'7 all measured at
RT. Himpsel, van der Veen, and Eastman'’ performed
photon-energy-dependent photoemission measurements
and located the first direct gap at 6.0(2) eV, whereas Ar-
mon and Sellschop® from electron-energy-loss-
spectroscopy measurements observed it at 6.5(1.0) eV.
Within the limits of the applied SE technique, we were
unable to detect any structure in the energy ranges below
7 eV or higher than 7.5 eV (the latter pointed out in Ref.
16), even at LT. Therefore we propose that the main
direct gap lies at photon energies at about 7.1 eV. The
observed €, peak is very pronounced. The calculations of
the €,(w) performed in this work show that the 4—5 and
3—5 transitions are not the only band-to-band transi-
tions that contribute to the €,(w), as calculated for
group-IV and III-V materials for the E, structure,?’3*
but that also the 4—6 and 3— 6 transitions contribute
significantly, since they have an early onset at the same
energy. Thus the total contribution is particularly strong
and the resulting peak of €,(w) rather sharp. Comparing
the calculated €,(w) spectrum obtained within the one-
electron calculation with the experimental one, we ob-
serve that they are in good agreement, especially because
several effects, such as excitonic effects, electron-phonon
interactions, and many-body corrections are not included
in our calculation. Our data analysis with the PBM gave
poorer results than the analysis with the JDOS model.
This is due to the fact that the latter model makes use of
an adjustable parameter, namely, the phase factor ¢. The
best fittings with the JDOS model were obtained consid-

ering a 2D line shape. The value of ¢ was found different
than zero, which is predicted by theory for a band gap
minimum M,. This implies®’ the existence of more than
one nearly degenerate CP, which give a complex contri-
bution. Our band-structure calculations (Fig. 1) show
that the bands around the I' point are rather flat and
therefore transitions from an extended k region around
the center of the BZ contribute at about the same energy.
This fact is consistent with the calculations of €,(w) (Fig.
2) analyzed above. One should also note that most of the
complicated structures (for example, the E, and E,) ob-
served in group-IV and III-V materials are better fitted
with a 2D line shape.

Owing to the fact that the E structure of diamond is
rather broad and not particularly sharp, in comparison
with the corresponding peaks of other group-1V and III-
V materials with lower fundamental gap, we analyzed
both the first- and second-derivative spectra, in order to
study the structure behavior thoroughly.

The experimental data fittings with the PBM show that
a simple 3D model cannot adequately describe the first
direct gap of diamond, whereas the consideration of a 2D
M, nearby a 3D M, CP provides line shapes of slightly
better quality. The respective gap energies are found to
be 7.06 and 7.78 eV. Yet, the significant energy separa-
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FIG. 10. Real part of the dielectric function of diamond IIb
at 80 K (circles) and best fit with a 2D+ 3D CP line shape, as
deduced from the PBM model. The dashed and dashed-dotted
lines show the individual 2D and 3D CP contributions, respec-
tively.



4490

tion of the resulting CP’s, the large difference in their am-
plitude values, and the overall fitting line shape cast
doubts about the validity of the above consideration.
Moreover, the experimental d?e/dw’ fittings according
to the JDOS model show that the observed peak lies
closer to a saddle point at all temperatures and consists of
one CP.

Whether the diamond surface reconstructs by undergo-
ing spontaneous graphitization®®® or by encompassing
hydrogen atoms is still under debate. Furthermore, hy-
drogen is in many cases the major contaminant of dia-
mond surfaces, e.g., Cohen®® proposed that a surface
monolayer of hydrogen removes the intrinsic surface
states from the gap of an otherwise clean and unrecon-
structed surface. Hydrogen can be chemisorbed by the
diamond surface,*! especially at 900 and 1000°C. On the
other hand, oxygen seems to be another contaminant of
diamond, as shown by Auger electron spectroscopy mea-
surements,*? forming thin CO, and CO monolayers on
the diamond surfaces. 5% and 0.5% oxygen monolayers
were estimated after annealing at 500 and 950 °C, respec-
tively. The formation of the above oxides and the oxygen
desorption rate peaks at 500°C (CO, formation) and at
550 and 800 °C (CO formation) were confirmed in Ref. 42.
If one compares the experimental spectra of Fig. 4, which
are taken after the heating, measured at 700 K, RT, and
82 K with those of Ref. 33 shown in Fig. 3, a difference is
still observed in the dielectric function. The dashed-
dotted lines in the same figure can be derived by subtract-
ing a 5-A-thick SiO, layer. This means that the hy-
pothetical SiO, overlayer thickness has been reduced due
to the heating.

However, it is not clear whether or not this procedure
improves the measured dielectric function, especially the
€(w). In addition, we observed no change in the
dielectric-function spectra measured in the whole temper-
ature range after the heat treatment at 500 °C, as was the
case in the preheating procedure, which supports the fact
that the diamond surfaces are better after heating. This
argument is further supported by the results reported in
Ref. 42, according to which heating of the sample at
500°C deforms the CO, layer and improves the surface.
Heating at even higher temperatures causes a further im-
provement,42 but this was beyond the capabilities of our
experimental setup. Nevertheless, we cannot argue
whether our results or those in Ref. 33 are better. The
latter have been calculated from reflectivity data (using
the Kramers-Kronig relations) obtained under not so
good vacuum conditions.

A second reflectivity peak was observed in Ref. 16 only
at low temperatures at 7.6 eV, 0.4 eV higher than the
direct E( gap, and assigned to two nearly degenerate M,
and M, CP’s, occurring near the I' point along the I'-L
axis. In order to explain the origin of this peak several
attempts have been made. In Ref. 17 it was suggested
that one CP lies along the I'-A direction at energy 7.8 eV.
Theoretical calculations indicate a weak structure in the
range 7.6-8.4 eV,° or determine a second peak at 8.22 eV
(Ref. 4) (I'}5-Ty5), or 8.11 eV (Ref. 43) (I'35-T'3). Howev-
er, our €,(w) calculations and analysis of the experimen-
tal data with the JDOS model show that the main direct
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FIG. 11. Reflectivity of diamond IIb at 90 K for pressure
better than 102 Torr (solid line), about 10”7 Torr (dashes), and
worse than 1077 Torr (dashed-double-dotted line). Dashed-
dotted line: data from Ref. 16.

diamond gap is a complex contribution of various transi-
tions which take place around the I" point of the BZ and
that no other gap is observed in the energy region around
7eV.

In order to investigate the nature of the double peak
that appeared in Ref. 16 we measured the dielectric func-
tion e(w) at 80 K, when the vacuum is less than 1078
Torr, a condition under which all earlier reflectivity mea-
surements have been done. Figure 11 shows the
reflectivity obtained from our dielectric-function mea-
surements during this procedure, at three different vacu-
um conditions: (a) better than 1078, (b) about 1077, and
(c) worse than 1077 Torr. In the same figure we present
the reflectivity results from Ref. 16. The double peak ap-
pears when the pressure is about 1077 Torr and the
second peak is more pronounced for vacuum lower than
1077 Torr. By fitting the second-derivative spectra of the
dielectric function with 2D line shapes, we found that the
two neighboring peaks appear at [case (b)] 7.071(22) and
7.314(45) eV, with amplitudes 1.0(1) and 0.10(6), respec-
tively, and [case (c)] 7.143(6) and 7.571(17) eV, with am-
plitudes 0.60(3) and 0.38(6), respectively. In case (a) the
best fit was obtained considering one 2D CP, with energy
position and amplitude 7.156(20) eV and 1.45(40), respec-
tively. This result, together with the electronic structure
data and the analysis of the experimental data, supports
the idea that the double structure observed in Ref. 16 at
low temperatures is not an intrinsic property of diamond
but rather an artifact.

B. Temperature dependence of the E ; gap of diamond

In Tables III and IV we present the best fit values ob-
tained by fitting the critical-point energies, which result-
ed considering a 2D theoretical line shape, Eq. (1), and
our second-derivative experimental spectra of diamond as
a function of temperature with the well-known Varshni
approximation* and the Bose-Einstein statistical factor,
Eq. (9), as well as the corresponding values of other
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TABLE IIlI. Values of E, a, B, E., and A of diamonds IIa and IIb, deriving from the equations E(T)=E,—aT?*/(T +B) and
E(T)=E—AT, together with other group-IV and III-V materials, all obtained from second-derivative spectra. The numbers in

parentheses indicate the error margins.

CP type E, (eV) a (107* eV/K) B (K) E; (eV) A (107 eV/K)

Ge* E, 2D) 2.22 (1) 6.8 (8) 240 (140) 4.8 (2)
si® Ej (2D) 3.354 (2) 3.5 (3.8) 580 (970) 1.7 (3)
Si E, (Exc) 3.457 (2) 4.7 (1.7) 350 (240) 3.486 (2) 4.1 (1)
Diamond (IIa)® E§ (2D) 7.153 (9) 6.2 (9) 1200 (fixed) 7.216 (6) 3.1 (5)
Diamond (IIb)¢ E{ (2D) 7.156 (9) 5.0 (8) 1200 (fixed) 7.185 (6) 2.3 (5)
GaAs® E, (Exc) 1.517 (8) 5.5 (1.3) 225 (174) 3.9 (9)
GaAs' E, 3.041 (3) 7.2 (2) 205 (31) 5.2 (1)
AlAs® E, (Exc) 2.907 8.85 313

InP" E, 3.3 (5)
InP! E, 2D) 6.0 (2)
InSb’ E, 2D) 2.00 (1) 6.84 (50) 132 (80) 6.2 (1)

2Reference 43. A is determined in the range 100-300 K.
PReference 44. A is determined in the range 200-300 K.
‘Reference 44. A is determined in the range 350-800 K.
9This work. A is determined in the range 200—700 K.

‘Reference 29. A is determined in the range 100-300 K.

fReference 29. The fits have been done with an excitonic model up to 300 K and a 2D model in the temperature range from 300 to

760 K. A is determined in the range 100-300 K.
EReference 45.

"Reference 46. A is determined in the range 200-300 K.
iReference 46. A is determined in the range 200800 K.
iReference 47. A is determined in the range 100-700 K.

group-1V (Refs. 45 and 46) and III-V (Refs. 47-49) ma-
terials, found in the literature. It should be noted that we
have taken into account only the first direct gaps of the
above materials, which are of different origin in each
case. Most of the group-IV and III-V materials listed in

Table III exhibit a temperature coefficient larger than or
equal to 5X 107* eV/K when results are taken in a wide
range of temperatures. The corresponding results on dia-
monds IIa and IIb have lower values, around
3.1(5)X 107 % and 2.3(5)X10™* eV/K, respectively (see

TABLE IV. Values of Ej, ag, and ® of diamonds IIa and IIb, deriving from Eq. (14), together with
other group-IV and III-V materials, all obtained from second-derivative spectra. The numbers in

parentheses indicate the error margins.

CP type Ep (eV) ag (eV) 0 (K)

Ge? E, 2D) 2.33 (3) 0.12 (4) 360 (120)
Si® E; (2D) 3.378 (16) 0.025 (17) 267 (123)
Si® E, (Exc) 3.495 (13) 0.039 (14) 245 (62)
Diamond (IIa) E; (2D) 7.590 (374) 0.45 (30) 1300 (420)
Diamond (IIb) E; (2D) 7.322 (210) 0.18 (15) 967 (618)
GaAs© E, (Exc) 1.571 (23) 0.057 (29) 240 (102)
GaAs? E, 3.125 (9) 0.091 (11) 274 (30)
AlAs® E, (Exc) 3.061 0.151 400

InPf E, 1.629 (111) 0.217 (113) 697 (177)
InP8 E, (2D) 3.348 (7) 0.068 (10) 224 (30)
InSb" E, 2D) 2.075 (50) 0.091 (30) 272 (90)

*Reference 43.
"Reference 44.
°Reference 29.

9Reference 29. The fits have been done with an excitonic model up to 300 K and a 2D model in the

temperature range from 300 to 760 K.
“Reference 45.

fReference 46. Energy gap values obtained from the €; maxima.

8Reference 46.
"Reference 47.
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Figs. 6 and 7). Diamond has a particularly large Debye
temperature (2200 K), compared to other diamond-type
semiconductors shown in Tables III and IV. Therefore
the average phonon temperature ® is rather high (about
1200 K), causing the E-T curves to decline slowly.

The theory for the temperature-dependence shifts has
been described in Refs. 36 and 50-53. According to this
theory the temperature shifts of critical points consist of
three terms: the thermal expansion term, the Debye-
Waller term, and the real part of the self-energy term. In
a recent paper>* the energy position of the E{, gap of dia-
mond has been calculated as a function of temperature
including all three contributions. In this work it was
found that the shift due to thermal expansion is small,
mainly due to the small pressure dependence of the E|
gap in diamond-type semiconductors and the large bulk
modulus of diamond. On the other hand, the Debye-
Waller term is dominant up to about 400 K, whereas the
self-energy term is important mainly in the higher-
temperature region.

The shift of the E; gap as a function of temperature,
which was calculated in Ref. 54 and shown with dashed
lines in Fig. 5, is in quite good agreement with our results
on both diamond samples, whereas a deviation is ob-
served at temperatures higher than 500 K for diamond
IIb. A temperature coefficient of 3.0X 107* and
3.1(5)X 107 * eV/K was found from the calculated results
and our results for diamond Ila, respectively, in the tem-
perature range 200-700 K. In Ref. 13 an attempt was
made in order to estimate the temperature dependence of
the E| gap by using the reflectivity peak at only 133 K
and RT. Their estimation of the temperature coefficient
is 6.05X 107 % eV/K, which is rather large. On the other
hand, the corresponding result concerning the indirect
gap of diamond, measured in the whole temperature
range 135-600 K is 5X 10" *eV/K.

Calculations of the electron-phonon spectral functions
for Si and Ge,*® diamond,** and GaAs (Ref. 53) have
shown that the acoustical as well as the optical phonons
contribute to the energy shifts due to the electron-phonon
interaction, whereas for the broadening mainly the opti-
cal phonons are responsible. Furthermore, the total area
under the spectral function increases with increasing dis-
tance from the I" point of the BZ, because of the increas-
ing electronic density of states. Near the I' point the
main contribution arises from the optical phonons, hence
a low ® (average phonon frequency) indicates how large
the contribution of the acoustical phonons to the
broadening is. The zero-point broadening [T'(T =0)] has
been found to be by no means negligible and is propor-
tional to the area under the spectral function. For the
broadening parameter we expect an average phonon fre-
quency ©® higher than 1200 K, which is the phonon fre-
quency found from the electron-phonon contribution to
the energy shift with temperature. Furthermore, the
terms ', and I'; in Egs. (10) and (11) describe the zero-
point  broadening and  additional temperature-
independent mechanisms. We have found that the zero-
point broadening in diamond is about 150 meV and the
largest broadening values in the whole temperature range
do not exceed it by more than 30%.
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C. Differences in the temperature dependence
of diamonds IIa and ITb

The values presented in Tables I and II are the best fits,
Egs. (9)-(11), of the energy and broadening parameters,
respectively, which resulted from the e(w) fittings accord-
ing to Eq. (1). The observed differences in the Eg, E;, A,
[}, and T values between the two diamond types could
be either due to impurities and surface scattering or
strain in the materials. The isotope effect’’">* is not so
important in diamond as in Si and Ge,** because the con-
centration of '3C is very limited (about 1%). For exam-
ple, an energy difference of 14 meV was found?! for the
indirect gap of diamond when the isotope composition
changes from 'C to '3C, in quite good agreement with
the calculated 17 meV in Ref. 54. Moreover, in Ref. 54
the predicted energy difference for the first direct gap of
diamond was calculated at about 22 meV. It should be
noted that the scattering of the experimental points at
high temperatures in the energy and broadening values of
diamond IIb could have a contribution to the observed
differences between the two diamond samples.

In order to investigate the presence of strain in dia-
mond we utilized crossed-polarizer optical microscopy
(OM). When one examines with crossed-polarizer OM an
isotropic sample the field of view will be dark, while in
optically anisotropic, birefringent materials it may appear
bright. Therefore, if there is any residual strain in the di-
amond samples, the field of view will appear bright. The
examination of the diamond samples Ila and IIb showed
large anisotropy for sample IIa and a small one for sam-
ple IIb. These observations suggest that there exists re-
sidual strain, especially in sample IIa. Rotation of the
samples around the light propagation axis revealed a
nonuniform strain distribution for the diamond sample
IIa, while an almost uniform strain distribution appears
in the diamond sample IIb. Similar results were observed
in photoelastic measurements of diamond samples in Ref.
55. These residual strains can be related to the samples’
history and could be due either to permanent lattice
dislocations and stacking faults or twins. Furthermore,
these strains could explain®® the energy difference of
10-30 meV observed between the first direct gap of the
two samples and shown in Figs. 6 and 7. On the other
hand, such nonuniform strains could cause an increase in
the broadening of the interband transitions. Thus the
larger broadenings observed in Figs. 8 and 9 for diamond
IIa could be explained by the presence of the nonuniform
strains found in this sample.

The presence of surface roughness could change the
specular reflection properties of surfaces through two
physical effects; first, because part of the incident light is
scattered away from the specular direction and second,
because part of it may be converted into surface plasmon
excitations. However, owing to the fact that (a) we have
not observed with the OM technique large differences in
the surface quality of the samples, with the sample IIb to
be better, (b) the energy range of our measurements was
far from the surface-polariton generation energy of dia-
mond, and (c) we have not found differences in the abso-
lute values of the dielectric function in the whole energy
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range, we suppose that surface roughness is not responsi-
ble for the observed differences.

In the case of Si and Ge (Refs. 57 and 58) it was found
that an impurity concentration of about 10" atoms/cm?®
causes a redshift in the energy position of the interband
transitions E; and E, and an increase of their broaden-
ings, whenever the crystal lattice contains a p- or n-type
impurity. Thus the presence of impurities could be
another cause for the differences between the two sam-
ples, because natural diamonds always contain some kind
of impurity. In most cases of insulating diamonds this
impurity is nitrogen atoms,* while in the semiconducting
p-type diamond it is boron.’>% Type Ila contains nitro-
gen aggregates as the major impurity at very low concen-
tration and is considered ‘“‘clean,” with the carriers being
electrons. Type IIb is the semiconducting diamond,
which exhibits p-type conductivity. The impurity con-
centration N, ranges normally from 107°-10"
atoms/cm>. Even though we expected the first direct gap
of diamond to be more sensitive than the E, and E, gaps
of Si and Ge, the broadening values that we have found
for diamond IIb are smaller than those of diamond Ila.
Therefore the observed differences between the two sam-
ples cannot be attributed to the presence of impurities.
Consequently, of the two potential causes of the different
behavior of diamonds Ila and IIb, mainly the nonuniform
strains observed in diamond Ila seem to be responsible
for the differences in E, I', and their temperature depen-
dence. However, this statement cannot be generalized for
every Ila and IIb natural diamond, since each sample has
its own growth history, which influences its impurities
and structural-defect concentration.

VI. CONCLUSION

In this work we performed on diamond band-structure
calculations, theoretical calculations of the e(w), and
temperature-dependent SE measurements using synchro-
tron radiation. The band-structure calculations using the
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LMTO method have shown that the first direct gap of the
material is a complex contribution of various band-to-
band transitions which take place in the vicinity of the I'
point. Contrary to other III-V compounds, the 3—6 and
46 transitions have an early onset and contribute to
the fundamental gap. The SE measurements located the
gap energy at about 7.1 eV and have shown no structure
at energies around 6.5 and 7.5 eV, where earlier experi-
mental results located the first direct gap of diamond and
a reflectivity peak, respectively. The derivative analysis
of the obtained dielectric-function spectra shows that the
first direct gap of diamond is a complex structure and
thus better described by a 2D saddle point. The tempera-
ture dependence of its energy position and broadening are
in very good agreement with published theoretical results
and qualitatively similar to the other group-1V and III-V
materials, although smaller energy shifts and weaker
broadening dependence was found in comparison with
the above materials. The observed differences in the en-
ergy position, energy shift, and broadening versus tem-
perature of the diamonds Ila and IIb are qualitatively
discussed and found to be mainly due to nonuniformities
in the strain distribution. The effect of surface oxidation
of diamond has also been discussed. Annealing of dia-
mond samples can provoke the reduction of the surface
overlayer thickness and improve the measured dielectric-
function spectra.
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