
f, 

' ! 

LBL-35941 
UC-404 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials Sciences Division 

To be presented at the Twenty-Second International Conference on 
Physics of Semiconductors, Vancouver, B.C., Canada, 
August 15-19, 1994, and to be published in the Proceedings 

Energies of X Conduction Band Minima in 
Disordered and Ordered GalnP 2 Alloys 

· K. Uchida, P.Y. Yu, N. Noto, and E.R. Weber 

July 1994 

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098 

::c 
rn 

(") ., 
_,_ o rn 
., 0 ::c 
ororn 
S::VIZ 
--' (") 
wzrn 
c-+0 
([).-+(") 

0 
-c 
-< 

I 
OJ 
I 

(") I 
0 w 
1J (.11 
'< 10 

~ .... .... 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
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California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
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ABSTRACT 
A pressure-induced change from a direct bandgap to an indirect bandgap 

semiconductor has been observed in both partially ordered and disordered GalnP2. By 
extrapolating back to ambient pressure the indirect r-X band gap energy has been 
deduced. It was found that the r-X conduction band separation remains almost constant 
between the ordered and disordered phases. A phenomenological model is proposed to 
explain this result. 

GalnP2 grown by MOVPE on GaAs can form either a disordered or partially 
ordered alloy depending on the growth conditions.1...,. 4 Both types of materials have 
direct bandgaps at the Brillouin zone center (r point). The bandgap in the ordered alloy 
is smaller than that in the disordered phase by as much as 100 meV. It is generally 
believed that the structure of the ordered phase is CuPt with ordering along the [Ill] 
direction. This causes the conduction band valleys at the L point to fold into r. Mixing 
of these folded bands with the r conduction minimum is responsible for the smaller 
bandgap in the ordered phase. 5 This model has received support from electro reflectance 
measurements.6 A new peak attributed to the folded L transition has been observed in 
the ordered phase. In this model the location of the X conduction band valleys are not 
expected to be affected. However, Kurtz6 observed also a. peak in the electroreflectance 
spectra in the ordered phase which was attributed to a transition to the X conduction 
band minima. The surprising result was that the X minima followed the r minimum as 
the bandgap was varied by ordering. To understand further the properties of the X 
conduction band minima, we have studied the pressure dependence of photoluminescence 
(PL) in both phases of GalnP2 alloys at room temperature. It is well-known that the X 
conduction valleys ha'Ve a negative pressure coefficient while the corresponding 
coefficient for the r valley is positive. At high enough pressure the X valleys will lie 

. . . 
below the r valley and the semiconductor bandgap changes from direct to indirect. By 
performing the experiment at room temperature, emission from both the direct and· 
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Figure ~ Photoluminescence 
spectra of ordered GainP2 at 
room temperature. 

indirect transitions can be observed 
simultaneously near this pressure­
induced r-X cross-over. Our results 
which agree with those of Kurtz can 
be qualitatively understood within a 
model involving partial ordering 
along the [00 1 1 direction. 

Our samples were grown by 
low pressure OMVPE on semi­
insulating [00 11 oriented GaAs 
substrates. The degree of ordering in 
the GainP epilayers was varied by 

Figure 1. The direct gap 
emission in ordered (solid 
symbols) and in disordered 
(open ~ymbols) GainP2 as a 
function of pressure. 

changing the GaAs substrate 
orientations. Photoluminescence (PL) 
spectra were excited by an Ar ion 
laser and measured as a function of 
pressure using a gasketed diamo.nd 
anvil high pressure cell. 
Methanol/ethanol mixture is used as 
the pressure medium and the 
pressure determined with the ruby 
fluorescence scale. Some 
representative PL spectra in t.he 
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ordered GainP sample are shown in Fig. I. At low pressures the emission consists of a 
single asymmetric peak due to recombination of electrons and holes at r. At pressures 
above 33 Kbar, the emission splits into two peaks. The intensity of the r transition 
weakens rapidly with pressure as shown in Fig. 2. The pressure dependence of all the 
observed emission ·peak· energies can be found in Ref. 7. The second peak which appears 
only at high pressures has been identified with recombination from an electron in the X 
conduction valleys with a hole at r based on its negative pressure coefficient. From 
these peak energy and ·intensity dependence we extrapolated the ambient pressure 
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energy of the indirect r-X transition to be 2.132 eV and the x-r conduction valley 
separation to be 0.28 e V in our partially ordered sample. The corresptn~ding values 
obtained by Kurtz are 2.16 eV and 0.36 eV. The PL intensity in our disordered sample 
was much lower and consequently we did not observe any indirect gap emission. The 
pressure dependence of the direct gap emission intensity is shown in Fig. 2. The X-r 
indirect emission in disordered GainP2 ·has been reported previously by Chen et al. 8 

They extrapolated the r-X transition energy to be 2.26 eV and the r-g conduction band 
separation to be 0.29 eV. Although their measurements were performed at 25 K, the 
difference in the temperature coefficients of the direct r-r and indirect r-X transitions 
in both InP and GaP is rather small.9 We estimated that the correction for the 
temperature dependence to the X-r separation to be less than 20 meV. Thus we are led 
to the same conclusion as Kurtz6 that the r-X separation is the same for both ordered 
and disordered phases in GainP2. 

To explain the appearance of the r-X indirect transition in the electroreflectance 
spectra, Kurtz6 pointed out the possible existence of ordering along the (00 1] direction. 
Such ordering can be regarded as stacking faults of the (110] oriented chains containing 
alternate rows of Ga or In. Figure 3 compares the arrangement of the Ga and In atoms 
in the CuPt and the so-cailed Y2 structures.6 In both structures we find [001] oriented 
planes containing:-alternate rows of In and Ga atoms along the [110) direction. The 
stacking order of these planes determines whether the structure is CuPt or Y2. The 
electron diffraction patterns of ordered GalnP2 typically exhibit strong ordering along 
the [Ill] and [II 1] directions. However, this does not rule out the possible existence 
ofJtacking faults within the ordered domains. These stacking faults can couple the 
conduction band states at zone center and at the L point with those at the X point. We 
propose therefore the following model to explain our results qualitatively. 

We use the virtual crystal approximation as our starting point. In this 
approximation the ordering of the various-conduction band minima in the random alloy 
is sketched in Fig. 4(a). Introduction of ordering along the (Ill] direction produces a 
coupling between the r and-L minima resulting in the band scheme in Fig. 4(b). This 
coupling raised the L valleys to ·above - .. 
the X valleys. Finally, the stacking 
faults are introduced as a perturbation 
which mixes the r, L and X valleys. 
This mixing produces a much bigger 
effect on the X and L valleys than on 
the r valley since they are closer 
together. The net effect is to lower the 

Figure l Crystal structures of 
ordered GainP2 . Solid circle: Ga; 
small open circle: In; large open 
circle: P. The dotted line shows 
the chains of Ga or In atoms 
along the [110] direction. 

(A) CuPt 
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(A) DISORDERED (B) [111]0RDERING (C) (111] ORDERING+ 

Figure .!!; Schematic ALLOY STACKING FAULTS 

model for the L L X :::: conduction band 7 ~ X X orderings in GainP2 L 

r r r 

X valley and raise the L valley further while keeping the r valley unchanged. This is 
shown schematically in Fig. 4(c). However, this model cannot explain why the X valleys 
always seem to follow the r valley as found by Kurtz.6 

In conclusion, we found from photoluminescence measurements in GalnP2 under 
pressure that the energy separations between its r and X conduction band valleys are the 
same in both ordered and disordered phases. 
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