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Thermoreflectance spectra of semiconducting CdO single crystals at 100°K with carrier concentrations in the
range (2-40) X 10'®/cm® give 2.28 eV for the energy of the direct I';s—I", gap. Two indirect gaps are found:
L;—T, at 1.09 eV and 2;—T', at 0.84 eV. Theoretical calculations of the shape of the spectrum, taking
explicitly into account the band-population effects, are in qualitative agreement with the experimental results.
The spectra of sputtered films of CdO differ substantially from single-crystal spectra, suggesting structural

differences between films and crystals.

I. INTRODUCTION

In a thermoreflectance experiment one measures
the periodic change AR of the reflectivity R caused
by a periodic modulation AT in specimen tempera-
ture. The modulated reflectivity spectrum often
shows much sharper structure than the direct re-
flectivity at photon energies corresponding to
critical points in the joint-density-of-states func-
tion, indicating the position of band gaps.!? The
basic modulation mechanism for semiconductors
considered in most theoretical discussions so far
is the shift of the band gap with temperature.
However, for doped semiconductors whose Fermi
level lies in the conduction band (cb), a change
in temperature will result also in a change in the
cb population, with a consequent change in the op-
tical properties. In Sec. II we will discuss the
shape of the modulation spectrum when both band
gap and cb population are modulated. In 3ec. III
we will report the experimental thermoreflectance
spectra of semiconducting CdO single crystals
with varying degrees of cb filling. Band-structure
calculations*® for CdO indicate both direct and
indirect gaps, but the various calculations do not
agree on the exact position of the gaps, nor do
previous experiments®® fix their position unam-
biguously. We will compare theory and experi-
ment in Sec. IV. Finally, in Sec. V we will dis-
cuss separately the results for CdO films pre-
pared by sputtering, since they differ considera-
bly from the results obtained on single crystals.

II. THEORY
A. Direct transitions

For an M, critical point Batz? has derived the
following expression for the derivative of the
imaginary part of the complex dielectric constant:

de - x\ dE
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where x=#%w - E,, E, is the direct band gap, 7is
an empirical temperature-independent damping
parameter, F is Batz’s universal function, and

13

C, is a constant containing the transition proba-
bility, which is assumed to be independent of tem-
perature. This expression assumes that the con-
duction band is empty. Subsequent calculations®
have taken into account the temperature depen-
dence of 7, and resulted in qualitatively different
spectral shapes. In our calculation we will ne-
glect any damping, but concentrate on the effect
of filling the conduction band. Bottka and John-
son'? have shown that for a Fermi energy Ej
(measured with respect to the bottom of a para-
bolic conduction band) larger than zero, ¢, is
given by

€;=C, K2 (ﬁw)-zc, (2)
where
- *
G=(e?+1)" and p-Ee=URI/me)x (lgql,/m x ; (3)

mYand p are the conduction-band effective mass
and reduced mass, respectively. C, is numerical-
ly of the same order of magnitude as C,. We
therefore obtain for the temperature derivative of
€
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The first term in Eq. (4) comes from the shift of
E, with temperature. It is the counterpart of Eq.
(1), but modified by the factor G, which repre-
sents the fact that states at the bottom of the cb
are filled and therefore do not contribute to ¢;.
For x> Epand x> 71 Eq. (1) is identical to the
first term in Eq. (4), independent of the value of
the damping parameter 7. The second term repre-
sents the changes with temperature in the cb popu-
lation around the Fermi level. The third term
comes from the motion of E, relative to E,,
through the band population. The appropriate
value of dE,/dT in this term depends on the car-
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FIG. 1. Derivative of ¢; with respect to temperature
at a direct gap, calculated without (— =) band-popula-
tion effects, using Eq. (1), or with (——) band popula-
tion effects, using Eq. (4). The curves (= — —) marked
T1, T2, and T3 are the first, second, and third terms,
respectively, in Eq. (4). The following parameters
were used: E,=2.28 eV, T=100°K, |ul/m¥=1.0,
dE,/dT =—-4x10" eV/°K, Ep=0.1eV, dEg/dT=0, and
7=0.04¢eV.

rier concentration n; and the effective mass. For
CdO, to which we shall apply this theory in Sec.
IV, n, is temperature independent and the cb popu-
lation is degenerate. Then dE./dT is very small''
and can be neglected with respect to dE,/dT.
Figure 1 shows the contribution of the three terms
in Eq. (4) calculated for parameters appropriate
to CdO, their total effect, and Eq. (1) for com-
parison. The main effect of cb filling is a shift

of the maximum from Zw~ E, to Aw~ E, + Eg, and
the largest contribution comes from the third
term. For the parameters used in Fig. 1 the
maximum value of de;/dT is much larger than the
maximum value predicted by Eq. (1). However,

l

this situation will reverse when both E and the
damping parameter 7 in the Batz equation are
small: for (n/kT)'/250.25(RT/Eg)'2 (m¥*/I 1)
the values of de;/d T calculated from Eq. (4) be-
come smaller than those calculated from Eq. (1).
But for moderately and heavily doped semicon-
ductors the shape and magnitude of the thermo-
modulated spectrum at a direct transition are
clearly influenced by band-population effects.

B. Indirect transitions

The conventional expression for g, is

8
€ = Cs(fiw)'zN, J‘ €/ 2(p-¢) 2de
()
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0
where N, = (e®/*T — 1) is the phonon occupation
factor for phonon energy E,, and parabolic bands
are assumed. The first term represents tran-
sitions with phonon absorption (8=%w - Ej + E,),
the second term transitions with phonon emission
(y=hw - E} - E,); E} is the indirect gap. The
temperature derivative of €;, which now contains
terms representing both the change in phonon
population and the change in Ef with temperature,
does not show sharp structure at %iw = Ef £ E,.
Rather, d¢;/dT increases continuously with %w,
and thermomodulated spectra should show at best
a weak shoulderlike structure at the band gap.?
However, when the conduction band is partially
filled, the joint density of states [given by the in-
tegrals in Eq. (6)] should be modified by inclusion
of a band-occupation factor (1 -f,), where

fe=(+e=Br/RT) (7

resulting in

€; = Ca(ﬁw)-aNf’ JB(I —fc)ella(ﬁ— €)1/2d€
0
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The temperature dependence of ¢, is now given by
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FIG. 2. Derivative of €; with respect to temperature
at an indirect gap, calculated without (= — =) band-pop-
ulation effects (right-hand scale), or with (——) band-
population effects [Eq. (8), left-hand scale]. The fol-
lowing parameters were used: E}=1.06 eV, T=100"°K,
dE}Y/dT=~5%x10" eV/°K, dE/dT=0, Ep=0.1 eV, and
E,=0.016 eV.

The first term in Eq, (8) represents the contri-
bution of the change in the phonon population with
temperature, whereas the second term gives the
contribution of the shift of the band gap. Numeri-
cal calculations, using parameters appropriate
for CdO, show that the third term, representing
the change in band population around the Fermi
energy, is approximately two orders of magni-
tude larger than the first two terms. Equation

(8) has a maximum (Fig. 2) at iw~ E; + E;+1.5E,
and is zero at iw= E} + 2E, + E,. The values of
de,/dT for fiw > E} are probably not physically
significant, since then the assumption of para-
bolic bands is likely to break down. The sharp
structure and large magnitude of de,;/dT around
fiw~ Ej + Ep are in marked contrast to its be-
havior for transitions into an empty conduction
band, for which case the integrals I, H, K, and

L are equal to zero, It is clear that band-popula-
tion effects should make it possible to detect in-
direct gaps in thermomodulated spectra of moder-
ately doped semiconductors. For such materials
direct absorption and reflection spectra rarely
show sharp structure at indirect gaps, since the
weak absorption shoulders and reflection peaks
are overwhelmed by the free carrier absorption.

III. EXPERIMENTAL

Single crystals of CdO, 2x2x0.3 mm,? with
less than 30 ppm impurities and grown by a va-
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TABLE I. Parameters of thermoreflectance samples.

Annealing  Annealing
temp. pressure g Ep (eV)
Sample c) (atm) (cm™3) at 100 °K)
A 595 1.00 2,35x 1018 0.012
B 615 1.00 3.64x1018 0.016
c 727 1.00 1.08x 1010 0.043
D 828 0.01 4,25% 104 0.154
E 1.9%10% 0.010

por transport process, ! were annealed in oxygen
at varying temperatures until their carrier con-
centration n, was constant., Table I gives the an-
nealing temperatures, the O, pressure during an-
nealing, 7y, and the value of E, at 100 °K. The
reflecting crystal face was polished with 1-pum
diamond, and subsequently etched for a short time
in dilute HC1, a procedure which improved dras-
tically the sharpness of the spectra. Thermore-
flectance spectra were measured by standard
techniques at 300, 200, and 100 °K. The modu-
lating heating current at frequency 1.4 Hz was
applied directly to the samples; the modulation
amplitude was approximately 2 °C. Figure 3
shows the experimental thermoreflectance spec-
tra for the single crystals at 100 °K; at higher
temperatures the spectra are essentially similar,
except for a shift of the peaks to longer wave-
lengths and an increasing broadening of the peaks.
The sample E was a 35-pum-thick film on a mi-
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FIG. 3. Thermoreflectance spectra at T=100°K for

the CdO single-crystal samples A, B, C, and D.
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FIG. 4. Thermoreflectance spectrum (upper curves)
and A¢€; spectrum (lower curves) at 7=100 °K for a
sputtered CdO film, sample E.
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FIG. 5. Change A¢; of the imaginary part of the di-
electric constant in the wavelength region around the
indirect gaps, for the CdO single-crystal samples A, B,
C, and D at 100 °K.
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FIG. 6. Change A¢; of the imaginary part of the di-
electric constant in the wavelength region around the
direct gap, for the CdO single-crystal samples A, B,
C, and D at 100 °K.

croscope cover slip, prepared by rf reactive
sputtering of a 99.999% Cd target in dry air. The
data for this sample are shown separately in Fig.
4. The existence of different absolute values of
AR/R for the various samples is probably not very
significant, since AR/R is proportional to the am-
plitude AT of the temperature modulation, and AT
could have varied by 50% from sample to sample.
This does not affect the spectral shape of AR/R,
however, and there is a systematic change in the
thermoreflectance spectrum with changing carrier
concentration,

The experimental AR/R spectra were trans-
formed by a Kramers-Kronig analysis into Ag,
spectra; these are shown in Figs. 5 and 6 for the
wavelength regions around the indirect and direct
gaps, respectively. For an exact Kramers-Kro-
nig integral one needs AR/R values in the range
0 <%w <=, whereas our data range is 0.5 <%w
<3.5 eV. This data cutoff gives artificial struc-
ture in the spectra of Figs. 5 and 6, and the curves
have no physical significance for Zw <0.7 and Aw
>3.3 eV.

Finally, we measured the conductivity and Hall
coefficient in the range 85< 7<300 °K. The re-
sults agreed within 10% with values obtained pre-
viously'?; specifically, the Hall coefficient was
independent of temperature in the measuring
range.
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IV. DISCUSSION

Cadmium oxide is an n-type semiconductor;
its large conductivity is caused by the relatively
large concentration of native defects (either cad-
mium interstitials!® or oxygen vacancies) acting
as donors. Band-structure calculations predict
a direct gap of 2.38 eV at the center of the Bril-
louin zone between the conduction-band minimum
of T'; and the valence-band maximum of I';;. Two
indirect gaps have been predicted: between L,
and T, at 1.11 eV, * or 1,18 eV, ® and between =,
and T, at 0.95 eV, *or 1.12 eV.® Reference 3
gives the indirect gaps as L; -T'; at 1,2 eV and
Z,-T) at 0.8 eV. The direct gap has been ob-
served in both absorption'* and reflection® spec-
tra, but the analysis of the experimental data is
complicated by the presence of the free carrier
absorption. This handicap is even more severe
in the evaluation of the positions of the indirect
gaps from the absorption spectra. Previous in-
vestigators have subtracted the (calculated) con-
tribution of the free carrier absorption from the
measured spectra; analysis of the difference
gives an indirect gap of 1,12 eV at 85 °K for sin-
gle crystals.” Sputtered films of CdO may be
prepared with lower carrier concentration than
single crystals, diminishing the effect of free
carrier absorption. Values of the indirect gaps
obtained from sputtered films are® 1.35 and!® 1.2
eV for L-T, and 0.55 eV for Z— T at 300 °K.®
However, we will discuss in Sec. V whether sput-
tered films give optical data representative of
bulk CdO single crystals. Now free carrier ab-
sorption is a smooth function of photon energy and
only weakly temperature dependent. We expect
therefore that it will not produce any structures
in the thermoreflectance spectra and we will ne-
glect it in our analysis. We will also neglect ex-
citon effects in these degenerate crystals.

Previous measurements'®!® have shown that
for carrier concentrations #g2 10'® cm™? the do-
nor levels have completely merged with the con-
duction band, resulting in a degenerate cb popu-
lation and a Hall coefficient which is independent
of temperature. The addition of the donor states
makes the cb heavily nonparabolic. In this case
the calculation of E, and its temperature depen-
dence from measured », values depends on how
the cb density of states is modified by the added
donor states. For our calculation we assume that
nearly all added states are at the bottom of the
cb, since this model is both mathematically tracta-
ble and predicts correctly the electrical proper-
ties of CdO at high temperatures.!? The calculated
values of E are given in Table I; dE./dT was
found to be less than 8% of dE,/dT and was there-
fore neglected in the calculation of the theoretical
Ag,; spectra.
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For a quantitative comparison of the theoretical
and experimental Ag; spectra we need to know the
appropriate values of the constants C, and C, in
Egs. (2) and (8). They contain all the wavelength-
and temperature-independent parameters, es-
pecially the transition probability. Their order
of magnitude can be estimated from published
spectra!*” as C,~ 10% and C,~10°, These values
together with Eqgs. (2) and (8) predict maximum
Ag; values of one order of magnitude larger than
the experimental values. However, of greater
importance is that the predicted maximum Ag;
values should be approximately equal in the wave-
length regions around the indirect gap (Aw=~1.1
eV) and around the direct gap (Zw= 2,3 eV). This
does agree with the experimental spectra for sam-
ples A, B and C, and confirms that band-popu-
lation effects are the dominant modulation mech-
anisms.

We ascribe the pronounced structure at hw
~1.1 eV in the experimental spectra to transi-
tions across the indirect L,-T'y gap. The maxima
[marked with arrows in Fig. (5)] should occur at
photon energies hw= E¥ + Ep+1,5E,; with" E,
~ 0,016 eV this gives an average value for the
indirect gap of Ej =1.09+0.05 eV at 100 °K. The
sharp drop in the experimental spectra for hw
>E¥ + 2E, probably reflects the nonparabolic
shape of both the conduction and valence bands;
inspection of the published band structure shows
that the valence band is rather asymmetrical at
both the L; and ; maxima. The experimental
spectra in the indirect-gap region show progres-
sively less structure with increasing »n,; for sam-
ple D the indirect gap cannot be detected at all.
We do not know whether this general trend is due
to nonparabolicity or to more fundamental causes.

The maximum at 1,18 eV for sample C is su-
perimposed on a steady decline in A¢;, which
starts from another maximum at 0.99 eV. We
ascribe this maximum to the Z,-T'; transition;
this gives 0. 84 eV for this energy gap. The
structure in this region of the spectrum for sam-
ples A and B is not pronounced enough to extract
a E} value from it.

In the wavelength region around the direct gap
we identify the pronounced positive peaks in the
experimental spectra (Fig. 6) with the theoretical-
ly predicted maxima (Fig. 1) at E, + Eg; this gives
an average value E,=2.28+0, 05 eV at 100 °K.
The line shapes for samples B, C, and D agree
qualitatively with the theory developed in Sec. II,
but quantitatively there are two differences: the
calculated spectra are much sharper and they do
not show negative A¢; values. Now both the width
of the theoretical spectra and the maximum nega-
tive value of the second term in Eq. (4) (curve
T2 in Fig. 1) will increase if the value of the
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TABLE II. Lg3-T';y gap energy of CdO at 100 °K.

m at 300°K  Ef

Material Method (em™) (eV)
Kocka and Konak, Ref. 7 single crystal  absorption spectra 1.5x 108 1.11
This work single crystal thermoreflectance 2.3x1018 1.09
Kohler, Ref. 8 sputtered film  absorption spectra 1016-1018 1.45%
This work, sample E sputtered film thermoreflectance 1.9x 1018 1.47

3Calculated from E} at 300 °K using dE}/dT==5%10" ev/° K,

parameter |pl/mY is decreased, and significantly
better agreement with experiment can be obtained
if we set | pul/m¥ equal to 0.25 instead of 1.00.
However, we consider such improved agreement
fortuitous and the value of |p|/m*%=0.25 unaccept-
able for the following reasons: Firstly, it would
give experimental E, values much smaller (for
example, 1,8 eV for sample D) than the values
obtained from all other spectroscopic determina-
tions. Secondly, it implies a very pronounced
valence-band maximum at T’y with an effective
hole mass of m¥~0.05. This disagrees sharply
with the band-structure calculations, which indi-
cate that m) at T';5 should be much larger than the
effective electron mass (0.14m,) at T';. The dis-
crepancy between our calculations and experi-
ment may in fact be due to the incorrectness of
the assumption that there is a M, critical point

at the direct gap. The published band structure
suggest the possibility of an M, or M, critical
point, but they are not detailed enough to decide
the issue. It is possible!® to calculate numerical-
ly the shape of €; for a M, critical point when
band-population effects are important, but in the
absence of reliable values of the longitudinal and
transverse hole masses such a calculation has
doubtful validity.

In addition to the Ae; maximum at Zw=2.28 eV
sample A shows a pronounced peak at Zw=2, 69
eV, indicating that transitions are involved be-
tween states whose energy separation is larger
by 0.41 eV than the I')5-T'; gap. Attempts to ex-
plain this peak in terms of a I';5 valence band
which is split by spin-orbit coupling are not con-
vincing; the estimated!” value of the splitting is
only 0.09 eV. Moreover, invoking spin-orbit
splitting leads to the further difficulty of rationaliz-
ing the disappearance of the 2. 69-eV peak when
the population of the cb is increased, as in sam-
ples B, C, and D. We have no acceptable inter-
pretation of this peak at present.

Summarizing this section, we may say that the
inclusion of band-population effects in the theory
allows a qualitatively correct interpretation of
the thermoreflectance spectrum of CdO, and gives

acceptable values for both the direct and indirect
gaps. Better agreement might be obtained if the
effects of both the nonparabolicity of the conduc-
tion band and the complex shape of the valence
band could be explicitly incorporated into the
theory.

V. SPUTTERED CdO FILMS

Thin films of CdO may be prepared by reactive
dc or rf sputtering of Cd in an oxygen-containing
atmosphere; their carrier concentration can be
much lower than the limit of (2-3)x10'® ¢m™3 which
can be obtained in single crystals by annealing.
We investigated in detail one film, sample E,
made by sputtering in dry air; films prepared in
a 20%-0,/80%-argon atmosphere gave similar re-
sults. Its impurity content and x-ray diffraction
pattern were indistinguishable from those of a
crushed single crystal. However, its thermore-
flectance spectrum is drastically different (Fig.
4), with an intense minimum at 1.47 eV and a
weak, asymmetrical feature at 2.5 eV. The line
shapes of both features differ qualitatively from
the theoretical shapes for indirect and direct tran-
sitions. I we nevertheless assign the 1.47-eV
minimum to the L,-T, indirect gap, then a com-
parison with previous results (Table II) shows a
clear distinction between gap energies obtained
from single crystals and sputtered films.

To account for this distinction one can invoke
structural differences or the presence of an im-
purity band in the films. Now a separate impurity
band could form in pure CdO from native donor
states when the donor concentration drops below
~10'" cm™®. However, transitions to it should
occur at lower photon energies than transitions
to the cb, contrary to the experimental results.
Moreover, a separate impurity band implies a
temperature-dependent Hall coefficient, which
was not found for sample E. Therefore we sug-
gest that there are as yet unspecified structural
differences between sputtered films and single
crystals, resulting in appreciable differences in
their optical properties.
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