VOLUME 8, NUMBER 2 PHYSICAL REVIEW LETTERS JANUARY 15, 1962

INTERBAND TRANSITIONS IN GROUPS 4, 3-5, AND 2-6 SEMICONDUCTORS™

H. Ehrenreich and H. R. Philipp
General Electric Research Laboratory, Schenectady, New York

and

J. C. Phillips
Institute for the Study of Metals, University of Chicago, Chicago, Illinois
(Received December 18, 1961)

Direct interband transitions are believed to be are'! 6.0 and'? 5.4 ev, respectively, in almost
responsible for the peaks observed!™ in the re- precise correspondence to the experimentally
flectivity of a number of semiconductors in the observed structure here ascribed to Lgs > L,.
range between 1 and 12 ev. Identification of these A plot of the Ly~ Ly gap for the horizontal se-
transitions should provide insight into the band quence Ge, GaAs, ZnSe vs 22, where ) is Her-
structure of these crystals over a much wider man’s parameter!® characterizing the strength
range of energies than has been possible hereto- of the perturbing antisymmetric potential mod-
fore. In this Letter new experimental informa- ifying the Ge potential, yields the expected
tion concerning the reflectance of Ge, InSb, InAs, straight line. As Callaway has shown,'* the L,
GaAs, and GaP is presented together with a num-
ber of theoretical considerations which permit 60
identification of much of the observed structure.

These data are shown in Fig. 1 and the proposed /

assignments for the observed peaks are sum- InSb

marized in Table I. This table also includes in- 50
formation concerning C, Si, and ZnSe obtained
from data®s 2»5 published elsewhere. The data
shown in Fig. 1 were obtained on etched samples

at 300°K employing a vacuum monochromator. 40

Fine structure between 4 and 7 ev was examined /

in greater detail by balancing out 90% of the de- /‘,\

tector photocurrent so that the remaining 10%
containing the structure could be considerably 30 / \_/

InA
amplified. Weak structure observed in the origi- e
nal data, and referred to in Table I, is clearly

identifiable in expanded scale drawings. 20

N\

The Lg’ -+ L, transitions shown in Table I have
been previously identified”s 8 * using the character- GoAs
istic spin-orbit splitting of Ly’ as a guide. The \
Lg'~ Ly transitions should also exhibit similar 10— 50
splitting. Phillips and Liu® have calculated the — \
spin-orbit splitting of Ly and Lg/ in Ge and sev-
eral zinc blende—type semiconductors. They
find the spin-orbit splitting of Ly to be small com- 0
pared to Lg:. Thus one expects this transition to \\ \

REFLECTANCE (PERCENT)

be associated with only a twofold splitting which GaP e\e/\
should be the same as that characterizing Ly + L,.

This feature is indeed observed although the split- / 50 \/

ting in InAs is somewhat larger than expected. Fur-
ther, Phillips'® has argued that since the Ly~ Ly g
and I',y» > ', gaps in germanium have been shown!!
to be relatively insensitive to the choice of the 0 2 4 6 8 10 12
core potential, the observed peaks should be ex- h (ev)

pected to agree with the results of band calcula- FIG. 1. Reflectance of InSb, InAs, GaAs, GaP, and
tions. For Ge and Si the calculated Ly’ » Ly gaps Ge vs photon energy.
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Table I. Energy gaps deduced from reflectance data. Double entries correspond to peaks split by spin-orbit in-
teraction.
X~ X,
LSI_.Ll Ls’_’Ls 1'25'—‘1“15 Xs_’x‘ Xs*Xs(?)
C 9 7.0 12.7 see
Si 3.7 5.5 3.5 4.5
2.1 5.9
Ge 2.3 6.1 3.1 4.5
GaP 3.7(?) 5.3
2.9 6.6
GaAs 3.1 6.9 5.0 5.9
2.5 6.4
InAs 2.8 7.0 5.2 4.7
1.8 5.3
InSb 2.4 6.0 3.4 4.1
4.9 9.1
ZnSe 5.3 9.6 6.7 8.5

and L4 levels repel each other under the influ-
ence of this perturbation. From the observed
slope the calculated matrix element which de-
termines this repulsion corresponds to 1.5 ev
in comparison to the value 0.9 ev estimated by
Callaway within an assigned accuracy of about
50 %.

Phillips!® suggested that the same argument
applies to the I',;» -~ I', ;. gap which is also insensi-
tive to the core potential. The 3.5-ev peak in Si
and the previously unidentified shoulder at 3.1 ev
in Ge, corresponding to calculated values of'? 2.6
and! 3.0 ev, respectively, should therefore be
assigned to this transition rather than Ly, » Ly as
previously suggested. That these peaks corre-
spond to the same transition follows from the data
on Ge-Si alloys.® Further corroborating evidence
comes from the observed cyclotron resonance
constants. The ratio'® ! H,G€/H Si is equal to
the inverse ratio 3.5/3.1 of the observed gaps in
Si and Ge. This agreement is expected if the mo-
mentum matrix elements connecting the I',, and
I';y levels are about the same in the two materi-
als.!® Furthermore the values of Hy = (k2/2m)
pr(I‘)/[E(I‘%,) -E(I'15)] themselves are consist-
ent with these gaps for a reasonable value of
Ep ('), proportional to the square of the momen-
tum matrix element connecting I,/ and I',,, of
15 ev.

In the case of InAs, Matossi and Stern'® have

60

deduced a value H, = -3.0(#%/2m) from a theoreti-
cal fit of the free-hole absorption. Since the ma-
trix elements determining Ej appear to vary very
little in related materials,'®'” the 'y, > I'}, gap
can be calculated to be 5.0 ev from this value of
H, using the Ge value of Ep(r‘)= 15 ev. The ob-
served shoulder near 5.2 ev in the reflectance

of InAs is thus assigned to the Iy, > '), transi-
tion. The weak structure near 3.4 ev in InSb also
probably corresponds to this transition. The
heavy-hole mass is known to be most strongly
influenced by the I,;, - I',; and [y » ',,r gaps.'®
This gap in InSb is quite consistent with a heavy-
hole mass of '? 0.4+ 0.1 if the [,z - '}, gap is
about 10 ev as it is in Ge.

The antisymmetric potential that is introduced
in passing from Ge to GaAs produces a repulsion
between the I, and I';, levels.!* This causes
the gap to increase by about 1.6 ev if the matrix
element can be assumed to be the same as that
producing the repulsion between the Ly and Ly
levels, which also have p-like character. The
expected structure near 4.6 ev in GaAs would,
however, be masked by stronger transitions near
X in this energy range. The 3.7-ev peak in GaP
has been attributed?® to the transitions identified
in this Letter with [yer > T\,

The interpretation of the strongest reflectivity
peak at 4.5 ev in Ge in terms of X, ~ X, transi-
tions has been criticized®* on the grounds that
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the behavior of the dielectric constants in this
region does not correspond to that expected for
a band edge according to Korovin’s theory,?? but
is rather that of an oscillator and thus identifi-
able with a maximum of the joint density of states
somewhere in the Brillouin zone. However, it may
be shown that the behavior of the dielectric con-
stants corresponding to a band edge may indeed
closely resemble that of an oscillator when devi-
ations from parabolicity, neglected by Korovin,
became important near the edge in question. In
view of the fact that the X, -~ X, gap is insensitive
to the core potential,!! the agreement between
calculated values for this gap (13.6,% 4.7,'2 and"!
4.6 ev in C, Si, and Ge, respectively) and ob-
served values of the large reflectance peak
(12.7,% 4.5,%2 and* 4.5 ev) leads to an unambigu-
ous assignment of the peaks to a transition at or
quite near X. In addition, plots of the X, ~X, or
X,~X, gap vs A% for the horizontal sequences,
Ge, GaAs, ZnSe, and Sn?° (3.65 ev), InSb and
CdTe (5.4 ev), yield straight lines showing that
the same transition is involved in each case.

In the 3-5 and 2-6 compounds the twofold de-
generacy at X, is lifted. The gap associated with
the resulting X, and X, levels is expected to in-
crease as ) for a horizontal sequence. The ob-
served peaks at 5.9 (A\=1) and 8.5 ev (A =2) in
GaAs and ZnSe, together with the 4.5-ev peak in
Ge (A\=0), appear to satisfy this relationship and
hence are assigned tentatively to this transition.
Despite the strong evidence to the contrary, the
possibility that the 5.2-ev peak in InAs corre-
sponds to X - X, rather than the I';;» > ' ; transi-
tion cannot be completely discarded at the present
time. Further the 8.5-ev peak in ZnSe attributed
here to X+ X, transitions may very well be part
of the Ly~ Ly structure if the L, splitting is com-
parable to that of Ly in this material.

In addition to the peaks already discussed
there is additional structure in the curves shown
in Fig. 1 which is not interpretable without band
structure calculations for these materials. This
structure may be due to additional bands at the
points X, L, and I' or at new points in the Bril-
louin zone such as W. In particular, the [,z =T,

transition might be one of those observed be-
cause this gap and its corresponding matrix ele-
ment influences importantly the value of the heavy-
hole mass.

*One of the authors (JCP) acknowledges partial sup-
port from the Office of Naval Research.
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