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ABSTRACT

Spontaneous ordering of ternary alloys grown on misoriented substrates has been of recent

interest. Ordering induced band gap reduction, and valence band splittings exhibiting novel

polarization properties have been investigated by theory and experiment.[ 1,2] In this paper, we

discuss polarized photomodulated reflectivity (PR) and photoluminescence (PL) studies of

MOCVD grown InGaP 2 epilayers lattice-matched to a GaAs substrate. These structures were

grown on a (001) face with a misorientation of two degrees along <110>. The high degree of

ordering has enabled us to accurately measure the crystal field splitting and additional structure not

reported in the PR spectra. For the electric field E parallel to [110] two features in the PR spectra

are seen; for E II[T10], however, additional features are observed. A comparison with the spectra

of disordered samples of the same alloy composition has enabled a determination of the band gap

reduction due to ordering. The linewidths of the PR peaks are approximately 5- I0 meV which has

enabled us to study them in detail as a function of hydrostatic pressure at cryogenic temperatures.

The pressure dependence is slightly sublinear with the first order term of 8-9 meV/kbar for

pressures well below the F-X crossover. Also observed is the indirect level crossing which occurs

under pressure at about 40-kbar. A comparison of PR lineshapes at 1-bar is also presented at

several commonly used experimental temperatures. The data indicate a substantial change in PR

lineshapes, showing that interpretation of reflectivity data for these samples must be handled

carefully. _,_:r _' _, ,._, _.,_
,t 7i!I, _
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INTRODUCTION

Recently, it has been illustrated by both theoretical[ 1-3] and experimental[4-7] works, that

the band-gap, valence band crystal field splitting, and polarization anisotropies of electronic

transition intensities in GaInP 2 alloys depend strongly on the degree of spontaneous CuPt ordering

which occurs in the sample. This ordering, opens a new avenue for band gap engineering

techniques for opto-electronic applications based on IB/V materials. An ordering parameter, 11,is

typically the measure of the ordering. It represents a Garlln 1.0_qP/Gal_rllnrl P superlattice along

a <111> direction. The samples are commonly grown on (001) GaAs substrates by organometallic

vapor phase epitaxy(OMVPE) techniques The degree of ordering has been found to depend on

various growth conditions such as growth temperature, substrate misorientation, and V/]II ratio.

Photomodulated Reflectance(PR) offers a contactless spectroscopic method which provides a

derivative-type spectrum. This allows the measurement of not only the direct gap, but also the

crystal field split gap. It is also a measurement which can be performed under hydrostatic

pressure, within the diamond anvil cell.

EXPERIMENT

The InGaP 2 epilayers studied here were both grown by OMVPE techniques at Sandia

National Laboratories. The samples are grown lattice-matched to GaAs substrates by using a mole

fraction of Ga0.52In0.48P. This gives a lattice mismatch of less than 0.1%. The first of the

samples is a disordered (11=0) alloy epilayer with thickness 1.5-_m grown at a temperature of

775-°C. The GaAs substrate for this sample is misoriented at an angle 0B=6 ° toward <111> B.

The second sample is an ordered alloy epilayer with a thickness of 1-_tm grown at a low growth

rate (-0.5-l.tm/hr) at a temperature of 675-°C. The GaAs substrate for this sample is rnisoriented at

an angle of 0B=2 ° toward the [0]1] direction off the (001) plane. Under this second set of
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conditions, samples have been produced with ordering parameters up to 1]-0.5 to 0.6 [Ref. 6].

The InGaP 2 Ordered Alloy sample was thinned to about 30-l.tm by polishing the substrate,

cleaved into a piece about 100xl00-_tm 2 and then loaded cryogenically into a Merrill-Bassett

type[8] diamond anvil cell. Along with the sample, ruby chips were included for pressure

calibration. Argon was used as a hydrostatic pressure transmitting medium.

The PR spectra were recorded at 300-K, 80-K, and 6-K using a Air Products liquid

nitrogen/helium continuous flow-cryostat and a single-grating Spex Model 1702 spectrometer set

for a dispersion of 4-/_ and equipped with a GaAs photomultiplier tube and lockin amplifier. AXe

arc lamp was used as a white light source. The 4880-/_ line from an Ar+ laser set to a power of

0.01-mW on a spot size of 200-1ttm diameter was used to provide photomodulation. The

modulation frequency was 200-Hz. The pressure data were obtained within a range of 0 to 50-

kbar. After 50-kbar, the pressure induced crossing of the X conduction band to a lower energy

than the direct gap makes optical transitions very weak and could not be measured over the

background noise. Photoluminescence was recorded by using a SPEX model 17ooF fiber-optic

cable attachment on the same spectrometer to route the signal to the entrance slit.

In the reflectivity experiments, the light is incident to the sample at a small angle (<10 °) and is

polarized either parallel or perpendicular to the [110] direction, where [110] is the projection of the

[]11] or [1]1] ordering axis on the (001) sample surface. It should be noted here that only these

two variants, termed CuPt B, have been seen experimentally in ordered InGaP 2 samples.[9] When

the polarized light has E II[]-10], the PR spectrum will display a strong Eg+A c transition in

comparison to Eg, while with E II[110], the Eg+A c related transition is very weak according to the

selection rules as calculated in Ref. [3].

RESULTS

The PL spectra of the ordered and disordered InGaP 2 samples at 6.5-K, 80-K, and 300-K

are shown in Figure (1). Figure (2) compares the PR spectra at three temperatures for the ordered

sample for E II[il 0] and E I1[110] polarizations.



The PL spectra show a strong peak at 6-K due to the direct gap energy Eg. A shoulder

appears at higher temperatures in both the ordered and disordered samples, presumably due to

extrinsic features.

At low temperatures, the Eg transition in the ordered sample is consistently 100+_2-meV

lower in energy than that in the disordered sample, leading to an ordering parameter rl=0.56-Z-0.03

as from Ref [3].

The PR spectra for the ordered sample show a pronounced polarization dependence. The

transitions sharpen and show temperature dependent intensity.

For E II[ 110], the data can be fit by one oscillator at 6-K whose energy is identical to Eg

measured from PL. At 80-K, a high energy peak (--8 to 10-meV) appears as in the shoulder in PL.

Hence the E I1[110] data yields the same results as PL. However, the E II[]-10] is rather rich in

details. Even at 6-K, a second transition at about 15-meV higher in energy is resolved. This peak

is resolved at 80-K but gets merged with the higher energy Eg+A c transition at 300-K. The origin

of this new feature is not clear at present. It may be due to inhomogeneous in-plane strains due to

substrate misorientation or due to variations in ordering variants (CuPtA).

The Eg+A c transition which is not seen at 6-K due to Boltzmann effects, grows in intensity

with increased temperature. At 80-K, it is clearly resolved from the Eg and the second peak

described earlier. From the value of Ac=36+3-meV, we obtain r1=0.59!-0.03 which is in good

agreement with the ordering induced band-gap reduction.

Figure (3) shows the PR spectra at selected pressures measured in this experiment. Pressure

data was obtained at 80-K in all cases. The solid lines through the data in each frame represent the

fit to the data[ 10]. At each pressure, a spectrum was taken at polarizations with EII []-10] and E II

[110]. At lower pressures, the spectra are very similar to the 1-bar data. In the spectrum marked

34.3-kbar with E II[110], a small feature, Ex, appears on the high energy side of the main features.

This feature is associated with the indirect-gap transition from the valence band maximum to the X

conduction band minimum. As the pressure increases, this transition reduces in energy while the

direct gap transitions increase in energy. When the energies of these levels cross, there is a drastic

4



decrease in intensity in the direct gap related spectral features. We have tracked all of these

transitions as a function of pressure. The results are plotted in Figure (4). In this figure, the graph

shows the energies obtained from the E II[110] and E I1[110] polarizations in separate frames,

providing the pressure dependence of the Eg and Eg+Ac transitions, along with the peak attributed

to the indirect transition, labeled Ex. The lines through all data are due to a least-squares fit to a

second-order polynomial as in the PL data. The results are summarized in Table (1). We note here

that the pressure coefficients for the Ex transition (-2.6_+0.1-meV/kbar) is in good agreement with

the value calculated for the random alloy, -2.0-meV/kbar and a measured value of -2.5-

meV/kbar[ 11].

The PL spectra as a function of pressure at 80-K were measured for the ordered InGaP 2

sample. Here the Eg transition is seen in both polarizations. The intensity and line-width of the

peak is constant up to about 40-kbar, at which a sudden decrease in intensity occurs, and the peak

begins to track downward in energy with pressure. This phenomena is consistent with the F-X

conduction band crossing as has been measured in a previous study, in which high pressure PL

data were compared for samples grown under differing conditions[ 12]. In Figure (4) (right panel)

the peak positions from the PL data are plotted as a function of pressure and fit to a second order

polynomial: E(P)=E0+o&+I3P 2. The values obtained are shown in Table (1). The maximum band

gap shift is extrapolated from the data to occur at 40-kbar, with a value of 270-meV. Comparing

these values to Ref. [12], we find that our data is in good agreement with a measurement of

E0= 1.895 and a maximum shift of about 250-meV at a pressure near 40-kbar. We compare the

data in this way as the polynomial fits may not be calculated over the same pressure ranges in all

experiments. At pressures above the F-X crossover, the peak intensity drops dramatically and

could only be tracked to about 51-kbar. The three points in the graph, when fit to a linear function

of energy in pressure would give a decrease in energy as 0.6 meV/kbar.

CONCLUSION

To conclude, the pressure dependence of the direct and indirect gaps in an ordered InGaP 2

epilayer ha_ been measured by PL and polarized PR spectroscopies. From the values of band gap _-
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reduction alone we find an ordering parameter of 11=0.55_+0.02 This value is confirmed by the

value of the crystal field splitting Ac. Also measured is the pressure(strain) dependence of Ac

which cannot be explained by the pressure dependence of the interlayer strains alone. The effect of

ordering [Ref. 3] should be included to explain the data.
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Table I:Pressure Coefficients for InGaP 2 Ordered Alloy Sample

Transition E(P=O) ct [5 Method

(eV) (rneV/kbar) (meV/kbar 2)

Eg 1.900 8.78 -0.046 PL
+0.002 +0.02 +0.007

Eg 1.900 7.63 -0.016 PR
+0.002 +0.02 +0.005

E_+A c 1.934 7.71 -0.0017 PR
+0.003 +0.03 +0.005

E(?) Eli[110] 1.9114 7.35 -0.0005 PR
+0.003 +0.05 5:0.0003

E(?) EI(ll0] 1.9150 7.91 -0.0027 PR
+0.003 5:0.05 5:0.0014

Ex 2.29 -2.63 ..... PR
+0.010 +0.05

FIGURE CAPTIONS

Figure (1) A comparison of the PL spectra for the ordered and disordered InGaP 2

samples at 6-K, 80-K, and 300-K.

Figure (2) The polarized PR spectra for the ordered InGaP 2 sample at 6-K, 80-K,

300-K for the electric field E, parallel to []-10]and [110].

Figure (3) Polarized PR spectra at selected pressures and at 80-K. The polarizations

are indicated. In the 34.3-kbar data with Ell[110] the indirect gap transition

is indicated by the Ex.

Figure (4) A summary of the pressure data obtained for the polarized PR and PL

experiments at 80-K. The PL data has been included in the frame at the

right and has been shifted downward by 100-meV for clarity.
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