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Electronic band structure of isotopically pure germanium:
Modulated transmission and reflectivity study
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The piezomodulated and photomodulated reffectivity spectra of monoisotopic Ge ( Ge, Ge,
Ge, Ge) and natural Ge measured at T = 6 K show clear signatures of the Ev and the Eo + Ao

transitions; their energies increase with increasing isotopic mass. Prom a comparison of the phonon-
assisted indirect transition energies obtained from electromodulated and wavelength-modulated
transmission and photoluminescence, the isotopic mass dependence of both the indirect gap and
the relevant zone-boundary phonons are deduced. The isotopic-mass dependence of the energy gaps
are interpreted in the context of the electron-phonon interaction and the volume expansion of the
crystal lattice.

I. INTRODUCTION

The electronic band structure of semiconductors shows
a temperature and pressure dependence which can be
most readily observed in the optical transitions between
the critical points of the Brillouin zone (BZ). In the
Grst observation on the indirect transitions between the
I'8 valence band maximum and the absolute conduction
band minima at Ls+ (b,s) for Ge (Si), Becker and Fan
reported that the absorption edge in Ge and Si shift to
higher energies as the temperature is lowered. Both the
temperature dependence and the pressure dependence of
the energy gaps at various points within the BZ deduced
from experimental observations have been documented
in the literature.

In light of the physical mechanisms underlying the
temperature dependence of the energy gaps, it is impor-
tant to take into account the isotopic composition of a
given semiconductor. At low temperature, the isotopic
shift of the energy gap should vary as M f, where M is
the average isotopic mass of the constituent atoms. For a
complete theoretical description of temperature and iso-
topic effects in group-IV semiconductors see Refs. 3—10.

Among the group-IV elemental semiconductors (C, Si,
Ge, and Sn) Ge has a wide range of stable isotopes span-
ning Ge to Ge, second only to that of Sn. In recent
years, single crystals of monoisotopic Ge have been grown
using isotopes separated by gas centrifuge, thus creating
the opportunity for many basic studies. Raman scatter-
ing has yielded phonon energies at the zone center
and at several critical points of the BZ. In addition, ex-
perimental observations on the isotopic disorder-induced
Raman scattering have been reported. ' Photolumi-
nescence at the indirect gap provides the isotopic shift
of the I 8-16 transition energies as well as those of the
zone-boundary phonons involved in the indirect optical

transition. ' Ellipsometric studies of the isotopic
dependence of the E~ and Eq + Aq direct gaps have also
been reported. The isotopic dependence of Eo has only
been previously reported on very thin specimens of nat-
ural Ge and Ge by a transmission measurement.

In the present paper the focus is on the exploration
and delineation of the isotopic dependence of the direct
energy gaps (Eo, Eq, Eo+ Ao, and Eq+ Aq) by exploiting
the advantages of modulation spectroscopy with photo-
modulated and piezomodulated reHectivity. In addition,
the piezomodulated, electromodulated, and wavelength-
modulated transmission spectra reported in this paper
reveal clearly the indirect gap and its phonon-assisted
transitions including the structure associated with the
mass anisotropy of the conduction band minima.
Modulation spectroscopy is particularly well suited for
measuring the direct gaps since it is does not entail loss
of material when samples are prepared with micrometer
scale thicknesses needed for transmission measurements.
(This is particularly important in view of the extremely
high value of isotopically pure materials. ) In order to
deduce the values of the indirect gap and the associated
phonon energies we also performed photoluminescence
experiments.

II. EXPERIMENT

Isotopically enriched germanium single crystals were

grown using the vertical Bridgman technique with a pro-
grammed temperature ramp. The crucible material was

graphite and the ambient, nitrogen. A detailed descrip-
tion of our growth technique has been given in Ref. 12.
The isotopic composition of each sample determined by
secondary ion mass spectrometry is given in Table I. In
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TABLE I. The percentage isotopic composition of the specimens studied. The accuracy of the
isotopic composition of the enriched specimens is +0.170. All masses are in amu.

Nominal
isotope

Natural
70G

Ge
74G
76G

69.924
21.23
96.3

0.5

71.922
27.66
3.7
2.0
0.1

Isotope mass (amu)
72.923
7.73

95.6
2.2

73.922
35.94

2.4
96.8
13.5

75.921
7.44

0.4
86.5

Average
72.59
70.00
72.93
73.89
75.65

Reference 23.

the rest of the paper we identify the samples by their
nominal isotope label.

All samples measured had typical thicknesses in the
range 0.7—1.5 mm. They were first polished with a 3
pm diamond paste followed by a 0.05 pm Syton2 polish-
etch solution immediately before the reBectivity measure-
ments.

The Ep and Ep + Ap direct energy gaps of the germa-
nium isotopes were measured by photomodulated reflec-
tivity, the modulating laser radiation being the 5145 A
line of an Ar+ laser chopped at 498 Hz. The sample was
illuminated with a typical power density of 2 mW/cmz
and a 8000 A. long-pass filter was used to eliminate stray
laser radiation &om reaching a Ge photodiode at 300 K
used as the detector.

The F8-L6 indirect energy gap was measured by
photoluminescence, electromodulated, piezomodulated,
and wavelength-modulated transmission. For piezomod-
ulated transmission the samples were attached with
Apiezon N grease to the end of a lead-zirconate-titanate
transducer in the form of a cylinder 6 mm long with
inner and outer diameters of 5 mm and 10 mm, respec-
tively. The radial expansion and contraction of the cylin-
der driven by an ac voltage of 560 V rms produced an al-
ternating strain in the sample. Light &om the monochro-
mator passed through the sample along the axis of the
cylinder. The wavelength modulation was achieved by
mounting a 6 mm thick glass plate on a motor shaft
in &ont of the monochromator exit slit. The plate was
tilted 1.5' o8' normal to the motor shaft and rotated at
42 Hz. Electromodulated transmission was accomplished
in a manner similar to that used in electromodulated
reBectivity. 2 The sample was placed between two Hat

copper plates separated by 2 mm with a 10 x 0.5 mm
wide slit in the center of each plate. The sample was
placed between the plates and electrically insulated from
each plate by a thin glass slide. Light was transmitted
through the slit in each plate and the sample while an
ac voltage of 650 V rms was applied on the plates. All
the photomodulation, electromodulation, and piezomod-
ulation measurements employed a canis Super Tran op-
tical cryostat to cool the samples to 6 K. Wavelength-
modulation measurements required the use of a glass
optical cold finger cryostat with wedged glass windows
in order to eliminate interference fringes associated with
cryostat windows. The light source consisted of a 600
W tungsten halogen lamp. The monochromator used for
electromodulation, photomodulation, and piezomodula-
tion was a Perkin-Elmer (model El) double-pass grat-

ing monochromator while wavelength-modulation exper-
iments were carried out with a Spex 1402 double grating
monochromator. A Ge photodiode at 300 K was used for
measurements on the indirect and direct gaps below 1.2
eV. A Si photodiode was used for the Eq and Eq + Aq

energy gaps above 1.2 eV. The modulated components of
the reflectivity AB or transmission AT and the unmodu-
lated components R or T were measured simultaneously
in order to obtain the ratios AR/R or AT/T. The oper-
ation of the monochromators and collection of the data
were carried out with a microcomputer. Photolumines-
cence measurements were performed at 6 K using the
5145 A. Ar+ laser line for excitation with a typical power
density was 50 mW/mm2. The luminescence was spec-
trally analyzed with a Perkin-Elmer (model El) spec-
trometer and detected with a Ge photodiode at 300 K.

III. THEORETICAL CONSIDERATIONS
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FIG. 1. Photomodulated re6ectivity showing the Eo direct
gap of single crystals of Ge, Ge, and Ge at T = 6 K.

The energy gaps in the electronic energy bands of a
semiconductor vary with temperature as a consequence of
the electron-phonon interaction on the one hand and the
thermal expansion on the other hand. The temperature
differential coefficient of an energy gap Es at constant
pressure can be expressed as

(OEs) (BEs) (BEs)
9T)~ &&T)v
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(OEg )
&&M) T,v

(Mg) 1 /c)V I
aP), V &~M)„

(2)

The first term in Eq. (2) results from the superposition
of the self-energy and Debye-Wailer terms already dis-
cussed. At T = 0 K, the mean square displacement

(u„(q,j)) becomes proportional to (h/2M'~), arising
from the zero-point contribution. Thus, the self-energy

1
and Debye-Wailer terms are both proportional to M
under the assumption that the phonon frequencies scale
as the inverse square root of the isotopic mass. How-

ever, we note that at high temperatures (u„(q,j))
(kT/Mu2 ) becomes independent of M and the isotopic
effects should progressively become less important with

where P = (I/V)(OV/BT)I is the coefficient of volume
thermal expansion, and B is the isothermal bulk mod-
ulus. Two contributions called self en-ergy and Debye
Watler terms have been identified as the microscopic
mechanisms underlying the pure temperature coeKcient
(aEg/OT) v.

The change in energy of an electronic state due to the
electron-phonon coupling results from the 6rst order in-
teraction taken in second order perturbation theory and
the quadratic interaction taken in erst order. The for-
mer is called the self-energy and the latter, the Debye-
Waller term. Both terms involve expressions quadratic
in atomic displacements characterized by u„(q,j), where
n denotes the lattice site, g the wave vector of a phonon
belonging to branch j, with the corresponding thermal
averages (u2 (q, j)) = (h/Mu~)(n~. + 2), n~ being the
associated Bose-Einstein occupation number, and M the
average atomic mass. (The use of the average mass is
implicit in the virtual crystal approximation in the lat-
tice dynamics of crystals with random isotopic disorder. )
A comprehensive discussion and theoretical estimates of
the terms in Eq. (1) have been presented in Refs. 6—8. In
the present paper the focus is on effects associated with
the isotopic constitution of the crystal. At T = 0 K, the
difference in an energy gap Eg between crystals having
average atomic masses M and M+ AM can be expressed
as

0
cQ

0
E0
0
CL

1.170 1.175 1.180 1.185 1.190
Energy (eV)

FIG. 2. Photomodulated reBectivity spectra of the ED+Do
direct gap of Ge and Ge at T = 6 K.

increasing temperature. The second term in Eq. (2)
arises from the difference between the atomic volumes of
the two crystals with isotopic masses M and M + AM,
which according to Buschert et al. is given by

AV AM
V 4BMV

where p~ = —c)(lnur~)/c)(ln V), the Griineisen param-
eter associated with the mode qj. Equation (3) implies

that V —V is proportional to M 2, where V is the
volume in the limit of infinite isotopic mass. (The p's are
expected to vary linearly with M. )

In Refs. 6—9 the self-energy and Debye-Wailer terms
were obtained at 0 K as well as at Gnite temperature.
Here we focus on the low temperature limits. We con-

1
elude that both contributions in Eq. (2) vary as M
and, thus, cannot be separated without measuring the
lattice parameters for each isotope which, in turn, yields

(1/V)(OV/ctM) p T As it w.ill be shown in the next sec-

tion, the contribution of the change in lattice constant is

a signi6cant fraction of AEg.
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FIG. 3. Isotopic mass (in amu) depen-
dence of the (a) Ep and (b) Ep + Ap direct
energy gaps obtained from photomodulated
re8ectivity measurements at T = 6 K. The
curves are the best fit to Eq. (4).
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IV. RESULTS AND DISCUSSION

A. Direct gaps

LAEHD

AFE

Ge

T=6K
LA

Figure 1 shows the photomodulated reBectivity spectra
of " Ge, Ge, and Ge in the energy range of Ep, the
lowest direct gap at the BZ center corresponding to the
I'8-FT optical transitions. The large signal strength en-
abled the spectra to be recorded with an excellent signal
to noise ratio. The values of Eo in the photomodulated
spectra, were obtained by fitting the spectra to the third
derivative of a Lorentzian exciton line shape. 2 No sig-
nificance is attached to the small variations in the line
shapes between the spectra for the diH'creat isotopes be-
cause they depend, to some extent, on the quality of the
sample surface as well as on the modulating laser wave-
length employed. They clearly show the isotopic depen-
dence of Ep.

The mass dependence of Ep was fitted with the func-
tion

C
Ep ——Ep

M

where M is the atomic mass and Ep is the energy gap
at M = oo. The fitting yields Ee = 959 meV and

= —606 meVamu / . Over the small range of iso-
topic masses available for Ge, the mass dependence in
Eq. (4) can be approximated by a linear fit, yielding
(I9EO/I9M) = 0.49 meV/amu.

The Ep+ Ap transitions shown in Fig. 2 for photomod-
ulation are significantly weaker than the Ep transitions.
However, the isotopic shift is still discernable. Following
the curve fitting procedure used for Ep, the linear shift
in Eo + 60 was determined to be 0.74 meV/amu. Com-
bining this with the results of the Ep measurements, the
isotopic dependence of the spin-orbit splitting is there-
fore 0.25 meV/amu. Figure 3 displays the isotopic mass
dependence of Ep and Ep + Ap.

Figure 4 shows the piezomodulated reflectivity spectra

LOFE

(Q

M

Q)

C

TA xip

photoluminescence electrornodulated
transmission

x10

0.70 0.72 0.74 0.76 0,78
Energy (eV)

of the Eq and Eq+Aq transitions for Ge and Ge. The
very large natural width of these transitions prevented a
reliable determination of their isotopic shifts.

B. Indirect gap

Since the I'8-L6 optical transition is indirect, phonon
emission or absorption must accompany the electronic
transition in order to ensure conservation of crystal mo-
mentum. The relevant phonons (the longitudinal and
transverse acoustic, LA and TA, as well as the longitu-
dinal and transverse optic, LO and TO) are those with
wave vectors at the L point in the BZ. At low temper-
atures, in the absorption process associated with the in-
direct transition (detected in modulated transmission),

FIG. 5. Photoluminescence and electromodulated trans-
mission spectra of Ge. The intensity scales are arbitrary
and are not corrected for the spectral response of the detec-
tor. Both spectra were recorded at T = 6 K.
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F2G. 4. Piezomodulated reBectivity spectra of the Ej and
E~ + Aq direct gaps of Ge and " Ge at T = 6 K.

FIG. 6. Atomic mass dependence of the indirect gap E~ at
T=6K.
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I"IG. 7. Electromodulated, piezo-
modulated, and wavelength-modulated
transmission spectra of the LA and LO
phonon-assisted indirect optical transitions
of natural Ge at T = 6 K. The verti-
cal dashed lines indicate the energies of
the LA phonon doublet features in electro-
modulated and wavelength-modulated trans-
mission. The piezomodulation spectrum is
shifted by 0.1 meV due to strain induced
by differential thermal contraction.
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the spectral features occur at the energy gap Eg, plus
one phonon energy Ru~p. On the other hand, in pho-
toluminescence, spectral features appear at the energy
gap minus one phonon energy. Hence, Eg is the average
of the indirect transition energies observed in absorption
and photoluminescence whereas their difference is 2hcupp.

Thus, it is possible to combine the results of photolu-
minescence and modulated transmission to deduce the

isotopic dependence of both Eg and Rupp.
Figure 5 shows the spectra for Ge obtained by photo-

luminescence for energies less than Eg and electromod-
ulated transmission for energies greater than E~. The
power density of the photoluminescence exciting laser
was high enough to allow the observation of features
associated with both the &ee exciton and the electron
hole droplet (EHD). The photoluminescence of the LA
and TO free exciton energies were determined Rom data
recorded at lower power densities in order to eliminate
the EHD feature. For all the Ge isotopes the photolumi-
nescence revealed signatures at the LA and TO phonon
energies while the electromodulated transmission mea-
surements revealed signatures for all four phonons. Fig-
ure 6 shows the variation of Eg as a function of atomic
mass yielding (OEg/BM) to be 0.36 meV/amu.

Figure 7 shows the electro-modulated, piezo-
modulated, and wavelength-modulated transmission
spectra of the LA and LO phonon-assisted indirect opti-
cal transitions. We note that the LA phonon feature is a
doublet as a result of the splitting of the 1s exciton state
arising from the anisotropy of the I6+ conduction band
minimum. An exact line fitting of the LA phonon
peaks is not possible because of the mass reversal effect.
The isotopic shift of the two LA phonon peaks was de-
termined from the energy of the same spectral feature on

each LA phonon-assisted peak for each Ge sample. From
the shifts of the LA phonon peak and that of Eg, we de-

TABLE II. Isotope shifts of the energies of the interband
optical transitions between the critical points of the electronic
band structure of Ge as well as the fitted parameters E and
C of Eq. (4). All values are at T = 6 K.

7.5
70

~ I ~ I I 35.0
72 74 76 70

Atomic Mass (amu)
72 74 76

FIG. 8. The LA, LO, TA, and TO phonon energies of the
I point of Ge as a function of atomic mass at T = 6 K. The
fitted curves are a one parameter fit to Eq. (5).

Transition

Ep
Eo+ &o

Ap

Shift (meV/amu)
0.36
0.49
0.74
0.25

E (meV) C (meVamu&)
793+ 2 —445+ 12
959+ 2 —606+ 11
1291+ 5 —926+ 39
332+ 7 —319+ 50
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D
ph (5)

where D is the only adjustable parameter of the 6t.

duce a shift of —0.19 meV/amu for the LA phonon. In a
similar manner we obtain the shift of the LO phonon as
—0.21 meV/amu. The present measurements yield the
splitting of the two LA phonon 1s exciton peaks to be
1.11 6 0.03 meV. We did not observe any measurable
isotopic dependence of the 1s exciton splitting.

A comparison of the three modulation techniques in
Fig. 7 shows that the piezomodulation spectral features
occur 0.1 meV higher in energy than those observed
in wavelength modulation or electromodulation. This
is attributed to a small strain induced by the differen-
tial thermal contraction between the Ge sample and the
piezoelectric transducer to which it was 6xed. The origin
of the dip in the piezomodulated and electromodulated
spectra between the LA and LO phonon features is not
clear and was not observed in any of the wavelength-
modulated spectra.

The electromodulated transmission m.easurements also
revealed isotopic shifts in the energies of the TA and TO
phonon-assisted transitions with (cihuph/ojM) = —0.059
meV/amu and —0.25 meV/amu, respectively. The iso-
tope shift of the phonon energies as a function of atomic
mass measured by electromodulated transmission are dis-
played in Fig. 8. The curves in Fig. 8 are 6tted according
to

Phonon
TA (L)
LA (L)
LO (L)
TO (L)

Raman (I')

Shift (meV/amu)
—0.06
—0.19
—0.21
—0.25
—0.26

1
D (meV amu & )
72.9+ 1.4

236.7+ 0.4
264.7+ 0.8
307.1+ 0.9
320.9+ 0.3

for all the isotopes. However, the values are available
for natural Ge and Ge in Buschert et al.~ These au-
thors have determined the relative change in lattice pa-
rameter at 78 K to be (—14.9 6 0.3) x 10 s yielding
V ~(BV/BM) = —3.29 x 10 per amu. s2 Using the
appropriate measured hydrostatic deformation potential
constants, one can deduce the second term in Eq. (2),
i.e. , (bEs/bM)„~, by multiplying the deformation po-
tential by 3.29 x 10 amu . The electron-phonon con-
tributions, of course, are deduced from the experimen-
tally measured isotopic shifts by subtracting the volume
contribution. In Table IV we summarize the data by dis-
playing the differential rates of change of Eo, ED+60, and
the indirect gap E~, including a comparison with the the-
oretical calculations of Zollner, Cardona, and Gopalan.
We note that the theory accounts for the isotopic mass
behavior of E~ more satisfactorily than it does for Eo.

TABLE III. Isotope shifts and the 6tted parameter D of
Eq. (5) for the I'- and L-point phonons of Ge. All values are
at T=6K.

C. Discussion

We summarize the relevant quantitative features of the
isotopic mass dependence of the electronic transitions in
Table II and for the phonon energies in Table III. For
the sake of completeness we remeasured the isotopic mass
dependence of the zone center optical phonon (labeled I'
in Table III) as observed in the first order Raman spec-
trum; the results are consistent with those reported in
Fuchs et al. and Cardona et al.

As noted in Sec III, the isotopic mass dependence of
1

the energy gaps vary as M 2 and the two terms in
Eq. (2) corresponding to the electron-phonon interac-
tion on the one hand and that due to the change in
volume on the other, cannot be experimentally sepa-
rated in the absence of lattice parameter measurements

V. CONCLUDING REMARKS

In the present investigation a combination of modu-
lation techniques and photoluminescence has been ap-
plied to the study of interband transitions of a number
of monoisotopic Ge single crystals. The isotopic mass de-
pendence of the energies of Eo and Eo+Ap as well as that
of E~ and the associated phonons have been delineated
from these measurements.

Davies et al. have reported the isotopic mass depen-
dence of the indirect gap deduced from bound exciton
transitions occurring in photoluminescence. In the "zero-
phonon" bound excitonic indirect transitions, the iso-
topic mass dependence of the indirect gap can be estab-
lished provided the excitonic binding energy is the same
in all the isotopes. (BEs/BM) = 0.36 rneV/amu obtained
in the present work is in excellent agreement with 0.35

TABLE IV. Linear isotope shifts of E~, Ep, and Ep+ Ap. The volume contribution is calculated
from the deformation potential and the measured isotopic dependence of the lattice constant (Ref.
28). The deformation potential is in meV and the shifts are in meV/amu.

Transition

Ep+ &p

Deformation
potential

3800
10 900'
11200

(BM )
0.36
0.49
0.74

(8M ) ~&))

0.13
0.36
0.37

( BM )~-~h
0.23
0.13
0.37

( sM ) (theory)

0.39
0.42b

Reference 33.
Theoretical result from Ref. 9.

'Reference 34.
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meV/amu in Davies et al. s and in Etchegoin et al. i

From the observation of phonon-assisted free excitonic
features as well as the phonon sidebands of the bound
excitonic transitions, the isotopic mass dependence of the
TA, LA, and TO phonons at the L point were obtained
by measuring their positions relative to the zero-phonon
lines, assuming again that the excitonic binding energy
is independent of the isotopic mass. The 0(huph/OM)
characterizing the data displayed in Ref. 17 and Fig. 2

of Ref. 18 are in very good agreement with our values
listed in Table III. The analysis of the data obtained in
the present investigations in the context of Eq. (2) under-

scores the importance of lattice parameter measurements
for all the Ge isotopes at low temperatures.
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