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Direct transitions occurring at the center of the Brillouin zone can be unambiguously identi-
fied by photoemission and transverse electroreflectance methods. In a material whose valence-
band maximum lies at I', such transitions produce structure on the leading edge of the energy
distribution curve (EDC) of photoemitted electrons. In transverse electroreflectance (TER),
the absence of polarization dependence associated with multivalley effects provides a signa-
ture of transitions having I symmetry. In this paper we report three independent studies of
direct transitions near 3 eV in germanium; namely, photoemission EDC, energy-derivative
EDC, and polarization-dependent TER. Both photoemission experiments yield a value 2. 92
+0. 05 eV for the minimum separation I'; — 'y at 300°K. The TER experiment can only be
performed at 80 °K or below, and gives 3.00+0, 05 eV for the same gap at 80°K. The agree-
ment among all three is perfect, assuming a temperature coefficient of —4x10™* eV/°K. The
spin-orbit splitting of the conduction band is observed directly in the TER spectra; we find
A(Ty5)=T35—T5%=0.191+0.005 eV. The present results are compared with recent band cal-

culations and previous experiments.

I. INTRODUCTION AND SUMMARY

The energy position of the I'y; conduction-band
minimum in germanium is a sensitive testing
ground for band-structure calculations. The inter-
band energy I'j; — I'y;» represents the lowest criti-
cal-point transition which has not been reliably fit-
ted to experiment in the various theoretical meth-
ods, so variations in the predicted values provide
a basis for critical evaluation of the calculated
band structures. Such evaluation has not been pos-
sible up to now, because of the tentative nature of
prior experimental determinations of I'y; — I's..

We present here the results of three completely

independent spectroscopic studies of single-crystal
germanium which pertain to the I'j; conduction
band. In two of these, the energy distribution
curves (EDC) of photoemitted electrons! were ob-
tained for several photon energies near 3 eV; in
the more recent of the two, the energy derivative
of the EDC was also recorded directly, ? allowing
more accurate location of weak structure. In the
third experiment, polarization-dependent trans-
verse electroreflectance (TER) spectra® were re-
corded from 2.8 to 3.6 eV for the three principal
crystallographic orientations of the electric field.
Both types of experiment provide unambiguous
identification of direct transitions originating at
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the center of the Brillouin zone (BZ), as discussed
below,

The results of all three experiments clearly in-
dicate a I transition at 2.92+0. 05 eV (300 °K).
The three independent values for the transition en-
ergy agree to within 0. 01 eV. We conclude that
this transition represents the minimum separation
of T'y5 = I'y» (I'5 — I'y in double-group notation),
based on a direct-transition analysis of the EDC
and selection-rule arguments applied to the TER
multiplet spectrum. The TER measurement also
reveals the spin-orbit splitting of the I'y; level:

A(T'y5)=0.191 £0. 005 eV.

The two phenomena exploited in this work, photo-
emission and electroreflectance, provide compli-
mentary tools for band-structure spectroscopy.
Structure in photoemission is enhanced by a large
density of states,* or interband effective mass,
while electroreflectance amplitudes are greater
the smaller the mass.® The agreement obtained
between the two methods in the current work is
indeed gratifying, and tends to increase confidence
in both.

In Secs. II and III we briefly discuss the analyses
and give experimental results for photoemission
and TER, respectively. Comparison of our results
with recent theoretical predictions and previous ex-
periments is given in Sec, IV.

II. PHOTOEMISSION

Photoemission data, particularly energy distri-
butions of photoemitted electrons (EDC) from semi~
conductors, ! have been successfully analyzed in
terms of energy-band calculations and optical se-
lection rules. Energy positions of peaks and
shoulders in the EDC, taken as a function of photon
energy, are related directly to the energies of the
initial and final states involved in the optical
transitions. Using this approach the threshold for
transitions occurring at the center of the zone
(where the valence-band maximum occurs) can be
easily identified by an increase in the number of
photoelectrons in the leading edge of the EDC, &
This will cause a change in the curvature of the
EDC near the leading edge, which can most easily
be picked up in the energy derivative of the EDC,?
Direct transitions originating in the highest filled
levels will appear in the highest-energy positions
of the EDC. Since no competing transitions from
other regions of the BZ occur here, the assignment
of both the transition energy and location in the BZ
in the special case of y transitions is completely
unambiguous.

EDC measured at 300 and 80 °K for a photon en-
ergy hv=3.1 eV and normalized to the photoelectric
yield are shown in Fig. 1.7® The curves are from
a p-type crystal that was cleaved, cesiated, and
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measured in ultrahigh vacuum. Details of the
normalization procedure and method of energy
scale calibration, as well as the cleaving and mea-
suring techniques, have been described before, "*®
A strong shoulder is seen near the leading edge of
the distribution at 300 °K and this shoulder is en-
hanced at 80 °K. The shoulder first appears
abruptly between 2.9</%v<3.0 eV. This is seen
clearly in the insert to Fig. 1, where the number of
electrons in the distribution (in arbitrary units) is
plotted versus the retarding potential (in volts)
applied to the collector can, with the sample, the
emitter in a photodiode configuration. Similar be-
havior is observed with other samples including an
intrinsic crystal and a more heavily doped p-type
crystal. Detailed measurements establish the
threshold energy as 2.92+0.05 eV, "®

The structure of Fig. 1 is enhanced by electron-
ically recording the derivative of the EDC during
measurement.® Derivatives of EDC are shown in
Fig. 2 for a p-type crystal (~10'°/cm?®) with 2.9
<hv<3.0 eV. The lowest photon energy where the
derivative shows the change in curvature associated
with the appearance of the shoulder is 2.93 +0. 05
eV. The value determined for three crystals falls
within these limits. We assign this transition en-
ergy to the minimum separation I'; - I'; for the
reasons mentioned above. The spin-orbit splitting
of the initial state is resolved in higher-photon-en-
ergy distributions and is equal to 0.27+0. 05 eV.°
The temperature dependence of the threshold has
not been accurately determined in these experi-
ments but the shift is less than 0.1 eV from 300 to
80 °K.

III. TRANSVERSE ELECTROREFLECTANCE

The symmetry analysis of TER has been dis-
cussed by several authors.*™** The modulating
field F lies in the reflecting plane, so the normal
incidence spectrum can be obtained with polariza-
gon vector € either parallel or perpendicular to
F. A strong differentiation is predicted between
transitions originating at the zone center and those
occurring off k=0. The TER spectrum of a T
transition is independent of polarization for any
field direction, while off-center transitions exhibit
varying degrees of polarization anisotropy depend-
ing on the F direction and interband mass tensor. ‘2
Transitions of [111] or [100] symmetry yield iso-
tropic TER spectra with F||[100] and [111], re-
spectively, but not otherwise. These predictions
have been verified in several instances where the
symmetry is known from other experiments. For
germanium, the E;, E +4, (I' symmetry), ** and
Ey, E;+A, (essentially A symmetry)®'! transitions
have been studied in detail. Anisotropies not ex-
ceeding 8% were observed at E, and interpreted in
terms of the light-heavy hole degeneracy of the
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FIG. 1. Energy distribution curves
(EDC) for cleaved cesiated p-type
Ge measured at 300 and 80°K. The

shoulder at 3.0 eV is due to transi-
tions near I'j;.  The insert clearly

shows the onset of the I transition

for 2.9=hv=3.0 eV at 300 °K.
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initial state; the nondegenerate E,+ A, transition
was found to be isotropic to within a few percent.
With Fii{111), ~30% anisotropy was observed for
E, and E;+ Ay,

In Fig. 3 we present polarization—depe_rldent TER
from 2.8 to 3.6 €V, taken at 85 °K with FiI(100);
‘solid (dashed) curves denote €L(II) F, The experi-
mental method is discussed elsewhere.!* Three
down-up structures are observed, superposed on a
broad “background”; the minima are located at
3.00, 3.19, and ~3.5 eV. Measured with respect
to the background, these three structures are in-
dependent of polarization direction to within 10%.
Similar results are obtained with FII{111) and
(110). Based on the previously verified predictions
of the analysis, we conclude that these three peaks
originate from critical points of I' symmetry.

The polarization-dependent background suggests
the presence of additional off-center transitions in
this energy region, The “background” increases
more rapidly with increasing |F| than the three
down-up structures. The surface-barrier method
of electroreflectance!® provides maximum field
strengths 10-100 times as large as in Fig. 3; sur-
face-barrier electroreflectance spectra of the
2.8-4,0 eV region are extremely complex and can-
not be reliably interpreted. *¢

The assignment of the three peaks in Fig. 3 to
specific transitions is shown in Fig. 4, where we
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FIG. 2. EDC for a more highly doped p-type crystal
at hv=2.9 and 3.0 eV. Plotted using the same arbitrary
energy scale are derivatives of EDC measured at closer
intervals. The change in curvature of the leading edge
which we associate with the I';5 threshold is first seen in
the hv =2, 93-eV derivative curve.
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FIG. 3. Polarization-dependent TER spectrum
(AR/R vs photon energy) of Ge at 80 °K; ¥ ~6 kV/cm
Il (100). Solid (dashed) curves denote & L (I )F, respec-
tively. The structures observed at 3.00, 3.19, and
~3.5 eV are independent of polarization when measured
with respect to the broad “background. ”

include the spin-orbit splitting of initial and final
states. All transition energies are at 80 °K; re-
sults for the fundamental edge have been reported
previously.® We assign gap energies to the posi-
tions of the negative peaks, as at the fundamental
edge:

T;-T3=3.00+0.05 eV,

I;-T;=3.19+0.05 eV.

The uncertainty is associated primarily with am-
biguities in line-shape interpretation and allows
for possible many-body effects.” The spin-orbit
splitting of the I';; state can be read out very ac-
curately; we find A(Iy5) =I5~ T'g=0.191+0.005 eV.
The 3.5-eV peak is assigned to I'; — I';, consistent
with the known Ty splitting of 0.29 eV,

The absence of a fourth peak at ~3.3 eV in the
spectrum of Fig. 3 justifies the assignment of
T';(Ts, T';) as the final state. Such a peak is ener-
getically possible, since A(T'j5) #A (D), but is
dipole forbidden if the initial- and final-state sym-
metries are I'} and I';, respectively.'®

IV. DISCUSSION
The basic results of this study are
T';-T;(80°K)=3.00+0.05 eV
from ’fER, and
T'; - TI';(300°K)=2.92+0.05 eV

from photoemission. Assuming the same tempera-
ture coefficient as the fundamental direct gap, !° the
TER result scales to 2.92+0.05 eV at 300 °K, in
excellent agreement with the photoemission value.
Optical structure around 3 eV (labeled Eg, Eq+Ay)
has been attributed to A [the (100) direction] in the
past.'®1® We assign the structure shown in
Figs. 1-3 to I'" rather than A for the following rea-
sons: (i) The structure is located within 0.2 eV
of the leading edge of the EDC, so the initial state
must be within 0. 2 eV of the top of the valence
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band. From the known heavy-hole mass along
(100), ° the initial state must therefore lie between
k=0and k=0.2K_,,. (ii) The valence-band split-
ting observed in both experiments further localizes
the initial state to within 0. 1k,,,.?" (iii) The ab-
sence of a peak at 3.3 eV in TER (Fig. 3) indicates
T,; symmetry for the final state. (iv) The lack of
polarization dependence is compatible with either
T’ symmetry or an M, or M, critical point along A
having equal transverse and longitudinal masses. 2
The latter has not been suggested by any band cal-
culation.

Experimental results up to 1968 have been ex-
haustively reviewed by McElroy. 16 In the top half
of Table I we list the results of Potter? and Ghosh'®
along with our own. The first column gives the
minimum separation, which is presumably the ex-
perimentally observed quantity. The second col-
umn gives the final-state splitting A(T';5) as ob-
served in the various experiments. The third
column lists the single-group equivalent (or center
of mass), obtained by adding $A(I',s) and 5 A(Ty;)
to the minimum separation, 2

Potter? observes four spectral features in the
optical constants measured via the pseudo-Brew-
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FIG. 4. Schematic representation of the energy bands
of Ge near k=0. The bands are labeled by the usual
double-group notation to include spin-orbit splitting; sin-
gle-group equivalents are indicated in parentheses. Tran-
gition energies are at 80°K; the three peaks in Fig. 1 are
assigned to transitions from the split valence band to the
(second) split conduction band. (The I';— I'; transition,
labeled ‘“dipole forbidden,” is not observed.)
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ster angle method which he assigns to the I'j5 - I,
quartet. Neither the observed structure nor Pot-
ter’s interpretation has been confirmed in detail
by comparable experiments.? Ghosh!® obtained
electrolyte electroreflectance spectra under modu-
lation conditions which are known to induce chemi-
cal and photochemical reactions at the Ge-aqueous
electrolyte interface®; he also finds four peaks
which he interprets as I'j; - I'y;r, at energies ~0.15
eV higher than Potter. In both cases, inclusion of
four peaks in the interpretation is inconsistent with
the selection rules discussed in Sec. III. Ghosh
also measured polarization dependence on a (110)
face (3 always LF, @1[170] or [001], Fi[110]).
Large polarization effects were observed from 2. 8
to 4.0 eV, which are inconsistent with results cb-
tained on the same crystal geometry using thin-film
‘metal-oxide-semiconductor (MOS) samples. 28

An indirect measure of A(T;) is obtained from
the combined resonance experiments of Hensel and
Suzuki at 1.4 °K.?" By analyzing their results in
terms of the Luttinger effective-mass Hamiltonian
(neglecting core states and including only the first
term in the summation), they deduce

A(T'y5)=0.051E,+ (0.03 eV) , (1)

where E, is the center of mass of the final state
minus the highest-energy initial state, namely,
I';; - T5. Computing E, from our results (scaled to
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1.4 °K) gives A(I'y;) =0.16+0. 03 eV, which agrees
with the directly observed TER value within the
errors of the two experiments.

In the bottom half of Table I we present a sam-
pling of band-theory results; no attempt has been
made to include every calculation in existence.
Numbers in parentheses are experimental inputs
to empirical theories or adjustment schemes;
any resemblance to the present results is purely
coincidental. Compared to our experimental value
for I'; - I';, the only two calculations®?® which
explicitly include spin-orbit coupling are ~0.3-0.4
eV too low.3® The truncation scheme used in the
Fourier method®® requires A(I';;)=A (I, )=0. 29
eV, which is clearly inadequate; Saravia and
Brust? calculate 0. 21 eV, in good agreement with
our measured value.

We turn now to calculations which neglect spin-
orbit splitting, listed in the third column of Table
I. The early pseudopotential value is ~0.5 eV too
high.® Cardona and Pollak use I';;— Iy =3.15 eV
as an input to their %+ calculation®?; the experi-
mental origin of their value is not clear® but it
agrees very well with ours. Their calculated
splitting is 0. 36 eV, clearly too high. Recently,
Saravia and Casamayou® used the pseudopotential
method to calculate ECD; they obtained 3. 2 eV for
the center of mass, in good agreement with the re-
sults.

TABLE I. Experimental and theoretical values for the minimum separation I'y — T';, the conduction-band splitting
A(T'y5), and the center of mass I'y; —I'y5r. No attempt at completeness has been made.

I';—T5(300°K) AT 5) T 45— ['y52 (300 °K)*
Potter® 2.63 0.12 2.84
Ghosh® 2. 80 0.13 2.98
Hensel and Suzuki? oeo 0.16£0. 03 ceo
EDC 2.92+0.05 so0 3.13+0.05
Present ;e rivative EDC 2.93+0.05 oo 3.14%0.05
work TER 2.92£0.05° 0.191+0. 005 3.13+0.05
Early pseudopotentialf oo eoo (3.6)8
Fourier expansion 2.55 0.29 2. 84
Recent pseudopotential' 2.60 0.21 ooe
Full zone k* p ? (2. 83)k 0.36 (3.15)8
OPW +two parameters’ 0.21 2.53, 2.70, 2.94
OPW +three parameters™ eoe coe (2.91)8
Pseudopotential EDC* eoso coo 3.2
OPW unadjusted® eso 0o 2.98
2Derived from I'y—I'; and A(T ). hSee Ref. 28.
PSee Ref. 23. 1See Ref. 29.
°See Ref. 19. iSee Ref. 32.
dSee Ref. 27. kSee Ref. 30.
°Adjusted to 300°K from low-temperature result. ISee Ref. 35.
See text. MSee Ref. 36.
ISee Ref. 31. "See Ref. 34.
°See Ref. 37.

&( ) denotes experimental input to empirical model or
correction; agreement of such values with the present
results is of no theoretical significance.
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FIG. 5. Dependence of three energy gaps on the I'yy
—TI'ys+ separation, from the first principles theory of
Herman et al. TFive choices for I'js— I'ysr, and their
implications on other gaps, are shown as vertical lines.
The three dotted lines are values predicted by three
separate two-parameter adjustments. The dashed line
is the average of Potter’s and Ghosh’s experimental re-
sults. The heavy black line is the present result, 3.13
+0,05 eV. With respect to the other four, our value of
T'y5— Ty improves agreement between first-principles
theory and experiment vis a vis Ly— Lg» (the large black
dot is the experimental value) but not Ly ~Lg,. The X;
— X, gap is not known experimentally.

The most detailed calculations of the Ge band
structure have been performed by Herman and co-
workers. In their latest method, the final band
structure is obtained by small corrections based
on experiment, In 1967 Herman ef al. used ex-
perimental values for the direct and indirect gaps
in three different two-parameter adjustment pro-
cedures, *® which predicted three separate values
for I'j5~T'se: 2,53, 2,70, and 2.94 eV. The high-
est of these three is 0. 2 €V below our value. They
later admitted the Ghosh and Potter results, using
the experimental average 2,91+ 0. 07 eV to generate
a unique three-parameter correction scheme. % In
a very recent first principles calculation (zo ex-
perimental adjustment), a value 2.98 eV was ob-
tained®; this is within 0.15 eV of our value.
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The I'y; = I'y5 transition energy forms the corner-
stone of Herman’s two-parameter adjustment
scheme; that is, other transitions are very sensi-
tive to the value specified for I'y5— I';;.. Figure 5
is a replot of Fig. 2, Ref. 35, in which the Ly - Ly,
X, -X,, and L, -~ Ls. first-principles energies are
plotted versus I'y; ~ I'ys.. The three vertical dotted
lines represent the three values predicted from
two-parameter adjustments (the two experimental
parameters being the fundamental indirect and
direct gaps). The dashed line is the average of the
Potter and Ghosh results which was used in a unique
three-parameter fit and generated the most recently
published band structure of Herman and co-
workers.3® We note two implications of our T'y5
~ Iy value (heavy line on Fig. 5). First, Ly~ L.
increases to 5.6 eV from a maximum of 5.4 eV
predicted by the other I'y; — I'ys. values, improving
agreement with the 5.8 eV determined from photo-
emission’"® and (tentative) electroreflectance® mea-
surements, This latter value is denoted by the
large dot on the Ly — L4 line in Fig. 5. Second, L,
~ Lg decreases to 1.9 eV from a maximum of 2.2
eV; the commonly accepted experimental value is
2.2 eV, '8 so the agreement is worse for this transi-
tion. There is no clearcut experiment value for
X, - X,.3

V. FURTHER CONFIRMATION OF RESULTS AND
ASSIGNMENTS

Electroreflectance is extremely sensitive to weak
structure, being essentially the third derivative of
the optical spectrum with respect to photon energy.
With careful techniques, comparable sensitivity
can be achieved in the first derivative.3® In fact,
Sell has obtained (dR/dE)/R spectra which agree
extremely well with the TER spectrum of Fig. 3;
sharp peaks are observed at 3. 00 and 3.19 eV,
and a broader dip occurs at 3.5 eV. Furthermore,
the response of the lower-energy doublet to uniaxial
stress (energy position, polarization dependence)
unambiguously confirms the assignment to transi-
tions of I' symmetry.*® This removes the possibil-
ity, left open by the TER polarization dependence,
of a spherical M, or M; critical point along A,
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