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The broadenings of the El and E j + ~l interband critical points can be understood as 
lifetime effects due to the ultrafast relaxation of the photoexcited hot holes. The contributions 
to these broadenings arising from the electrons in the conduction band are small, as 
intervalley scattering times are rather long. We have measured such broadenings in Si, Ge, 
a-tin, AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs, and InSb with spectroscopic ellipsometry 
and compare them with calculations based on the deformation potential-type electron-phonon 
interaction in the rigid pseudo-ion approximation. 

The absorption of tetrahedral semiconductors is mod
erate (~5 X 104 em - ') near the lowest direct gap Eo, but 
rises sharply at the E1 and El + Al gaps with energies 
ranging from 2.2 eV in InSb to 4.0 eV in AlAs. l These 
features in the absorption spectra are caused by interband 
transitions from the A~,5 and A6 valence bands to the Ag 
conduction band2 and can be studied using ellipsometry' or 
other reflection modulation techniques.3

,4 

Because of these optical properties, visible or near ul
traviolet light photoexcites hot holes with very large wave 
vectors and energies up to 1 e V or more in the upper 
valence bands. These holes will scatter within femtosec
onds out of their initial states by emitting or absorbing 
phonons via the deformation-potential interaction and re
lax towards the valence band top. This interaction can be 
treated within the rigid-pseudoion method, based on lattice 
dynamical models for the phonons and an empirical local 
pseudopotential band structure. 5 The photoexcitation also 
creates electrons, of course, but these relax more slowly, 
since the density of final states in the conduction band near 
r is small. 6 The purpose of this work is to show that the 
widely studied effect of intervalley scattering in the con
duction band6 has an analog in the valence band, which 
can be studied experimentally using spectroscopic ellip
sometry and described theoretically with the rigid
pseudoion method. 6 

The ini.tial relaxation of a hole with wave vector k and 
band index n photoexcited in one of those processes, i.e., 
the emission (or absorption) of the first phonon, takes 
about 5 fs (at 300 K) and can hardly be studied in real 
time. However, it causes a temperature-dependent Lorent
zian broadening r kn( T) related to the scattering time 
'Tkn( T) by the relation5 

')Present address: Centro Nacional de Microelectr6nica, Consejo Supe
rior de Investigaciones Cientificas, Serrano, 144, E-28oo6 Madrid. 
Spain. 

b)Permanent address: Department of Solid State Physics, Faculty of Sci
ence, Masaryk University, Kothirski 2, 611 37 Bmo, Czechoslovakiao 

c)Present address: Instituto de Ciencia de Matcriales, Deptoo Fisica ApJi
carla, C IV, Universidad Autonoma de Madrid, Cantoblanco, E-28049 
Madrid, Spaino 

which can be measured with cw techniques like ellipsom
etry. r kn{ T) can be expressed in terms of a temperature
independent eiectron-phonon spectral function lB(k,n;H) 
ass 

where n is the energy of the emitted or absorbed phonon 
and No (T) the Bose-Einstein occupation factor. 

Typical spectral functions for electrons and holes in 
GaSh with wave vectors in A direction, calculated using 
the pseudopotential form factors of Ref. 7 (without inclu
sion of spin-orbit interaction) and the lattice dynamical 
model of Ref. 8, are shown in Figs. 1(a) and l(b). We 
integrate g2 B according to Eg. (2) to obtain the 
temperature-dependent broadenings, as shown in Fig. 
l(c). The relaxation times can be obtained from Eq. (1) 
using the corresponding values of the broadenings of Fig. 
1 (c). These times are rather long for electrons, but much 
shorter for the holes, because the density of final states in 
the corresponding valence bands is much larger than that 
for the conduction band. 

We average the calculated broadenings along the A 
direction between the points L/4 and L and sum the con
tributions of electrons (dotted lines in Fig. 2) and holes 
(dashed lines) as representing the total calculated broad
enings (solid lines) of the El gap and compare them with 
the eHipsometric data (symbols). We stress that the broad
enings are dominated by the holes (except for Si). 

The experimental broadenings can be obtained from 
the second or third derivatives of the ellipsometric spectra 
with a fit to analytic line shapes.4 It is difficult, however, to 
obtain unambiguous resuits, as it is not clear to what extent 
excitonic effects (saddle point exciton) should be taken 
into account.') Results for GaSb, obtained from fits with 
both 2-D and excitonic line shapes, are presented in Fig. 2; 
they compare wen with the calculated broadenings. Similar 
agreement between theory and experiment has been 
achieved for Ge, Si, and GaAs (published elsewhere5

), as 
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FIG. L Electron-phonon spectral fUllctions for (a) holes (VB) and (b) 
electrons (CD) in GaSh along the A directiOJI with wave vectors k.= r, 
L14, L12, 3L14, and L (bottom to top) together with (e) the 
temperature-dependent broadenings for these states obtained from the 
spectral functions (without spin-orbit interactioll). 

well as for a-tin,1O AlAs, \I AlSb,12 InP,13 InAs, and InSb14 

(see Fig. 2). In GaP, the spin-orbit splitting III is too small 
to be resolved in ellipsometry. Therefore, the two struc
tures El and E\ + III had to be fitted as one critical point, 
thus overestimating the broadening; see Fig. 2. 

On the other hand, in InSb l4 411 is large (- 800 meV). 
This splits the doubly degenerate bands A~ and reduces the 
density of final states for initial states in the highest valence 
band Ag,5 by a significant amount. Therefore, a calculation 
without spin-orbit splitting overestimates the broadenings 
for E j • If spin-orbit splitting is taken into account, the 
broadenings of the E1 gap will decrease and those of the 
El + Al gap increase. We have included these spin-orbit 
spUttings using the method afRef, 15. The resulting broad
enings are shown in Fig. 3 (dashed Hne: E j , solid line: 
E! + A1) and are in reasonable agreement with the exper
iment, especially for E\. The fact that E] + 111 shows a 
slower increase in r with T than calculated may be a quirk 
of the fitting procedure9 due to the fact that E] + Lll is 
weaker than E I' 

The relaxation times discussed so far are phase relax-
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FIG. 3. As Fig. 2, but with the spin-orbit interaction included for InSb. 
The dashed line shows the calculated broadening for R I , the solid line for 
E; + 6.). 

aticn times. It is also possible to calculate the energy re
laxation rates, taken as the difference between the phase 
relaxation times for absorption and emission multiplied 
with the phonon energy: 

aE 1 ioo 2 -a = - ~ HdH g B(k,n,{l). 
t n I) 

(3) 

These relaxation rates are temperature independent and 
given in Table I for some materials, 

In summary, we have calculated the ultrafast initial 
relaxation times of electrons and holes with wave vectors in 
the A direction, When the lifetime broadenings of electrons 
and holes are added up and averaged over some points 
along the A direction, we obtain reasonable agreement 
with experimental broadenings of the El and E j + Lll crit
ical points observed with temperature-dependent spectro
ellipsometry, For heavier compounds (lnSb) , the spin-
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FIG. 2. Calculated bmadenings of the HI gaps in a-tin, AlAs, AlSb, GaP, GaSb, InP, InAs, and IrISb ("olid lines), without spin-orbit interaclion. 
Separate contributions from the conduction (dotted lines) and valence bands (da~hed tines) are also shown. The experimental broadenings (symbols) 
are obtained from a line shape analysis with andlor without inclusion of excitonic effects. E! (2-D)( 0), EI (excitonic) ( +- ), E; t- AI (excitonic)( 0). 
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TABLE I. Energy loss rates (ELR) for electrons (ill units of meV Ips) and holes (meV Ifs) at four points in the A direction for several diamond and 
zinc blende semiconductors, calculated from Eq. (3). The averages over A and the sum oftlle ELRs for electrons and holes (in meV Ifs) arc also shown. 
Experimental valut,'S (in meV I[s), obtained from the broadenings ro of the E\ critical point at 0 K (in meV) and assuming an efrective phonon energy 
n (in meV), are also given. Note that the largest discrepancy between theory (the cdumn labelled "sum") and the experimental ELR is for a-Sn and 
may be related to the poor quality of the epitaxial layers llSed in the measurements. 

Holes 
L/4 Ll2 3L/4 L ave L/4 

Si 1.95 4.08 5.45 6.51 4.50 3561 
Ge 0.85 2.03 2.73 3.40 2,25 800 
a-Sn (J.40 0.79 1.25 L54 1.00 70.0 
AlAs 1.38 3.15 4.29 5.48 3.58 1889 
AISb 0.96 2.37 3.35 S.IO 2.95 1234 
GaP 1.61 2.65 3.29 4.92 3.12 SSI 

GaAs 1.36 2.93 3.98 6.12 3.60 469 
GaSh 0.66 1.69 2.30 2.93 1.90 57.1 
InP 1.59 3.37 4.09 4.97 3.51 7.84 
InAs 0.85 1.99 2.37 3.79 2.25 18.5 
InSb 0.42 0.88 1.38 L68 1.09 12.7 

orbit interaction has been taken into account, for the first 
time to our knowledge. 

1 D. E. Aspncs and A. A. Stucina, Phys. Rev. B 27, 985 ([983). 
2M. L. Cohen and], R. Chelikowsky, Electronic Structure and Optical 
Properties of Semiconductors (Springer. Berlin, 1988). 

3M. Cardona, Modulation Spectroscopy (Academic, New York, 1969). 
4D, E. Aspnes, in Handbook Oil Semiconductors, edited by T. S. Moss 

(North-Holland, Amsterdam, 1980), Vol. 2, p. 109. 
5p. Lautenschlager, P. B. Allen, and M. Cardona, Phys. Rev. B 33,5501 

(1986); Sudha Gopalan, P. Lautenschlager, and M. Cardona, ibid. 35, 
5577 (1987). 

6S. ZoHner, Sudha Gopalan, and M. Cardona, J. App!. Phys. 68, 1682 
(1990). 

2840 Appl. Phys. Lett., Vol. 57, No. 26, 24 December 1990 

Electrons Sum Experiment 
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