Proc. 15TH INT. CONF. PHYSICS OF SEMICONDUCTORS, K YOTO, 1980
J. PHYS. SoC. JAPAN 49 (1980) SuppL. A p. 631-634

OPTICAL PUMPING MEASUREMENT OF VALENCE BAND
SPIN-ORBIT SPLITTING IN GaxInl_XAsyPl_y

C. Hermann, G. Lampel

Laboratoire de Physique de la Matiére Condensée,
Ecole Polytechnique
91128 Palaiseau Cédex
France

T.P. Pearsall
L.C.R. Thomson-CSF
91401 Orsay
France

We have studied by optical pumping the band
structure of GayInj_yxAs P1_y which can be
grown nearly lattice—magche on InP (x=0.47y)
and has important opto-electronic device ap-
plications. We have determined the band gaps
(Eg, Eotdy) and the light hole mass as a func-
tion of composition. We explain the measured
variation of these parameters by an extension
of the ternary alloys band theory.

I. Principle of the Experiment

Optical pumping, i.e. excitation of the semiconductor by circu-
larly polarized o* light of energy hv larger than the band gap Eo,
creates conduction electrons with a polarization P; characteristic
of the band structure and of the light polarization [1]. Measuring
the variation of P; as a function of hV gives informations on the
semiconductor band structure [2].

In a p-type zinc-blende direct gap semiconductor P; is equal to
+0.5 for o~ excitation of energy hV = E5 [1]. When hV is increased
from Eg to Ej+A, (where A, is the valence band spin-orbit splitting)
there is an additional contribution of opposite sign to P; due to
optical transitions from the split-off valence band. This reduces Pj,
and a kink results in the variation of P; with hv [2] at hv = EgtA,
as was first evidenced in pure GaAs [3][&]. The detailed shape of
Pj(hv) is determined by the joint density of states relevant to the
optical transitions from the valence bands to the conduction band.
It can thus be related to the carriers effective masses by Kane's
4-band E.B perturbation theory through the parameter B [2]

b (1/me) + 0.75(1/mg) + 0.25(1/mp)

B memen (1)
3 (I/mg) - (1/my) )

where m, is the electron effective mass, mg(mh) the light (heavy)
hole mass.

To deduce P;(hv) from the luminescence circular polarization we
observe the band-to-shallow-acceptor luminescence line, due to ther-
malized electrons at the bottom of the conduction band. For o~ exci-
tation, this line polarization is equal to 0.5P(hv) [1]. The steady-
state electronic polarization P(hv) is the product of P;(hv) by a
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relaxation term
P(hv) = Pi(hv) Tl/(T1+T) " (2)
where T1 is the electron spin relaxation time, t its lifetime.

Consequently, by measuring the luminescence circular polarization,
it is possible to deduce the variation of P;(hv) through eq.(2), pro-
vided the ratio T1/(Ti+t) is energy independent. This restriction sets
conditions on the electron thermalization in the conduction band [4]

[5].
II. Experiment and Analysis of the Results

We have applied the above technique to liquid phase epitaxy layers
of Zn p-doped GaXInl_xAsyPl_y of concentration ~ 1024m=3". The sample
compositions and the experimental results are summarized in Table I.
The samples cooled at 1.7K or 77K are excited by circularly polarized
light from an infrared c.w. dye laser [6] (for y = 0.34) or a mercury
lamp filtered by a monochromator (y>0.34). We observe their lumines-
cence and polarized luminescence as a function of excitation energy
hv.

Table I

X Eq Eo * Bo B me/m my/m

y eV eV ¢’ o L7y
0 0 1.423 £0.00052 1.531% 0.00252 L4.1#0.5% 0.079% 0.12 £0.012
0.16 0.34 1.19 *0.01 1.37 £0.005% U4.2+0.4™ 0.066P 0.109 +0.011
0.30 0.61 1.035*0.01 1.29 *0.01 3.4 £0.4 0.0520 0.072%0.01
0.39 0.84 0.875*0.01 1.18 £+0.01,  3.2%0.3, 0.046b  0.061 % 0.007
o.u7 1 0.80 #0.01 1.15 *0.01 3.0+0.2° 0.041P 0.051%0.005

The data are taken at 1.7K and m_ is the free electron mass:
aRef.[17] &

brer.[7]

*calculated from the data of [17]

*These results were the same at 1.7K and 77K

The dots on Fig.l present the expe-
Y— rimental variation of the electro-
nic polarization P(hV) obtained at
77K on a sample with x = 0.16,

y = 0.34, the luminescence of which
is centered at 1.170 eV. These data
are taken at constant low excita-
tion level, necessary to keep the
E,- 1196V E,+8,-1.370eV relaxation factor constant ineq.(2).
fos 5 s e The full curve is the variation of
P;(hv) predicted by D'yakonov and
Perel' [2]. The polarization is
Fig.l Variation of the electro- normalized to the value at the band
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nic polarization P with excita- gap P = 0.39. The kink occurs at
tion energy hv: The dots are the 1.370 *0.005 eV, which yields Eg+Aj.
experimental data, the solid The energies are scaled using for
line is calculated from [2] E, the threshold of the luminescen-
ce excitation spectrum (E_. = 1.19

*0.01 eV in this sample). We deduce A, = 0.18% 0.015 eV. From the
shape of the curve we find g=4.2+0.4. The good fit of these data
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shows a posteriori that the relaxation factor of eq.(2) is indepen-
dent of hv.

The other data are given in Table I. In the samples studied at
1.7K and 77K, Eq+A, takes the same value for both temperatures. For
alloys with y>v0.38 the resolution on Ey+A, is only 0.01 eV, because
of weaker signal due to mercury lamp excitation.

III. Discussion

The dependence of Pi(hv) on B given in [2] neglects the admixture
of the upper conduction band Pg into TI't in a non-centrosymmetric se-
miconductor, as well as the change with energy of the conduction band
wavefunction. However due to the experimental uncertainty our results
on B are not affected by these approximations. We observe a decrease
in B with increasing y. The conduction mass me¢ has been measured in
GaxInj-yAsyP1-y [7]1[8]. The heavy hole mass mp is close to 0.5 in
InP, InAs and gaAs [9]. Moreover measurements of my give about 0.5
for two different compositions of this quaternary compound [10]. So
we assume that mp keeps this same value for all alloys. Using eq.(1l)
and the measurements of me [7] we deduce the light hole masses as a
function of composition. These values are close to linear interpola-
tion between those in InP, InAs and GaAs, and are in agreement with
magnetoreflectance measurements [10].

The variations with composition of
E_ and Eo+Ao are plotted on Fig.2.
TRe previous determinations of Eg
and Eo+Ap in Gap,21In0.79As0.54P0. 46
shown by triangles, fall close to
T our results [11]. The very recent
oy room temperature electroreflectance
measurements of Eg and Eg+Ag [12]
o indicate a more pronounced bowing
InP a7 Nysah® than our results. Our value of A
M FRIRAP ¥ in Gap.y7Ing,53As agrees with the
Fig.2 Variation of Eg(X) and room temperature determination of
Eo+Ap(e) as a function of alloy [13]. The theoretical curve is cal-
composition in GayxInj -xAsyP1-y: culated using the dielectric model

Ga, In

-X

ENERGY (eV)

x = 047y

The data of [11] are shown by of Van Vechten and Bergstresser [14]:
triangles. The solid lines are as in a ternary alloy, we separate
our predictions the Ep bowing into the virtual crys-

tal (VC) and disorder contributions.
Since the VC term is related to lattice constant variation [15], it
is negligible in GaxIny-yxAsyP1-y, as all alloys are lattice matched
to InP. Here the disorder term includes contributions from anion and
cation. We take it equal to

(1/8) 16%, py(1-y) + C°, o x(1-0)1 , (3)

where A = 1.0 eV, and Cpg-p and Cgg-In are electronegativities diffe-
rences [14], so that the quadratic term is ~ 0.15y2. This term redu-
ces E5 from the linear interpolation between the InP and virtual
crystal Gag, y7Ing,53As gaps. The variation with y of EO+AQ is predic-
ted following [13] and reducing again the bowing to the disorder con-
tribution (3). The fit is good for both Ey and Eg+Ap, whereas the
previous procedure gave a systematically too strong bowing for Eo(y)
[16]. Our predicted E, bowing falls close to the room temperature
photoluminescence results on E,(y) [161].
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In conclusion, we have been able to justify the variation of the
band gaps in GayxInj-yxAsyP1-y by an elementary extension of the ter-
nary alloys theories. The weak experimental bowing comes from the

absence of VC contribution in this special case.
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