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We present results on the optical characterization gG&_,P layers grown by atomic layer
molecular beam epitaxy on GaAB01) substrates at a growth temperature of 420 °C. Our results
show that the optical characteristics of these layers, which do not show ordering effects, are strongly
dependent on surface stoichiometry during growth. In this way, we can obtain either highly
homogeneous alloys with a predictable band-gap energy or layers with optical properties indicative
of spatial localization effects, like an anomalous behavior of photoluminescence peak energy with
temperature and a large shift between the emission energy and absorption edtg98 @merican
Institute of Physicg.S0003-695(98)01920-3

The InGa_,P alloy lattice matched to GaAsx( man spectroscopy, and results will be shown using PL and
=0.48) has enormous interest for its application in visiblephotoluminescence excitatidPLE).
light emitters and as an alternative to AIGaAs in GaAs based  According to our previous work the InGa, _ P layers
devices. In particular, i6a _,P/GaAs based tandem solar can show either a fine speckle structure with a size in the
cells have reached the highest efficiency achieved atange 10—20 nm, or superposed to this, a long wavelength
present contrast &80 nm). These features have been related to
For device applications it is obviously necessary to knowalloy clustering and modulation composition effects,
the band-gap energy of the alloy. However, it has beemespectively?*!
showrf that formation during growth of ordered domains From TEM studies, we knotf that these structural fea-
with CuPt structure decreases the effective band-gap energyres strongly depend on growth conditions, in such a way
and broadens the absorption edge. that layers grown under “InGa rich” conditions, with a 2
This alloy exhibits other structural features, which arex 4 surface reconstruction during growth as observed by re-
also growth dependent and are related to the existence offfection high energy electron diffractiotRHEED), show
miscibility gap in the range of growth temperatures used instrong dark and and bright fringes with a period of about 80
some epitaxial techniquésThis means that i6a,_,P is nm while those grown under “P rich” conditions which
thermodynamically unstable against separation into twgresent a X1 surface reconstruction, just develop a fine
phases of different compositions. In fact there is experimenstructure (10-20 nm. Transmission electron diffraction
tal evidence of some effects related to spinodal decomposktudies also demonstrated thai®a,_,P layers grown by
tion in layers grown by the usual nonequilibrium epitaxial ALMBE are random in nature, with no evidence of appear-
techniques. For example, it is now well established thatnce of ordered domains.
In,Ga, _,P layers show quasiperiodic variations in composi- In this work, 1000 nm thick IgGa, _ 4P (x=0.48, nomi-
tion over ranges from a few nm to hundreds of Aiti®This  nally) samples have been grown on Ga@81) substrates at
modulated phase separation results in lattice strains which growth rate of 1 monolayer per second under P rich or
produce contrasts in transmission electron mMicroscopynGa rich growth conditions. The,eam was produced by
(TEM) images’ a special phosphorous solid source with a fast acting valve
CuPt-like ordering induces specific modifications in the gnq cracking section. The growth process was monitared
band structure of the Ga, P layers, and the energy red- sjty by RHEED and reflectivity difference techniquidt is
shift of the photoluminescend®L) line is currently used as ingicated that changes of growth front stoichiometry, and
a measure of the degree of orderffyTo our knowledge, consequently the characteristic size of modulation composi-
the effect of compositional modulation, promoted by spin-tion features, can easily be obtained just by changing the
odal decomposition, on th_e optical properties of disorderedime duration of the Ppulses in every monolayer cycle dur-
layers have not been studied. _ _ ing growth. The composition and strain of the layers were
In this letter we present results on optical behavior ofypiained measuring twp04) and two (115 reflections by
disordered IpGa, _ P layers grown at low substrate tempera- yrxRD. The simulation of the diffractograms gives, as the

ture (Ts=420°C) by atomic layer molecular beam epitaxy peg;t fitting parameters=0.47 andx=0.49 for P rich and
(ALMBE). Structural characterization of the samples was g3 rich samples, respectively.

made by high resolution x-ray diffractididfRXRD) and Ra- Raman spectra of the JGa, P layers grown under
InGa rich (continuous ling and P rich(dotted line condi-

3Electronic mail: luisa@imm.cnm.csic.es tions are plotted in Fig. 1. Raman spectra have been taken in
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FIG. 1. Raman spectra of the [Ba _,P layers grown by ALMBE under FIG. 2. Photoluminescence spectra takenTat10 K of lOOO-nm-thick
InGa rich (continuous ling and P rich(dotted ling conditions. The dashed ™Ga P layers grown by ALMBE on GaA801) under P rich &

line corresponds to the TO-phonon resonance observed under Brewst&r0-47) and InGa richx=0.49) growth conditions.

angle configuration. The rati/a of the intensity at the valley between InP-

and GaP-like LO phonons and the intensity of the InP-like phonon peak can

be used as a measure of the degree of ordering of the alloy. cannot explain a redshift larger than 20 meV, and conse-

quently the PL peak energy is about 40 meV below the ex-

the backscattering geomet# (X,X)Z; other backscatter- Pected value for such a disordered alloy.
ing and near-Brewster angle geometries have also been used We have also carried out PL excitation around the alloy
and only mention the better defined TO-phonon structure aPsorption edge at 4 K. Presently the setup is based on a
about 327 c’, when using Brewster angle configuration 1/4 m double monochromator to obt:_;un single wavelengths
(dashed line in Fig. )1 The excitation wavelengths were the from a 1000 W Xe lamp. The spot size was larger and the
514.5 and 488 nm lines of an Allaser for application of the incident power lower than in the case of PL spectra shown in
Stokes/anti-Stokes methfdn order to get a precision in the Fig- 2. PL (continuous ling and PLE (dotted ling spectra
absolute Raman peak frequency better than 0.2lcrBy taken with this new setup &t=4 K from P rich and InGa
using this method a small frequency shift of 2.2 (1.9) ém rich samples are plotted in Fig. 3. The PL line recorded for
is observed between the GARP)-like LO-phonon peaks of the InGa rich sample is very simildtinewidth and peak
the two layers. This frequency shift is related to the different€nergy to the previous one, but the PL spectrum of the P
value ofx (0.47 and 0.49 for P rich and InGa rich layers, rich sample now has two well resolved structures. The low
respectively, as determined by the HRXRD technique. energy line(23 meV redshifteglis thought to be related to an
Raman spectroscopy can be used to quantify the degréciton bou.nd'to acceptor impurities, as it nearly disappears
of ordering and to determine the existence of domains wittt @ higher incident powesee Fig. 2 Their associated PLE
CuPt-like structure in these layefsee Refs. 13 and 14 and SPectra have the only resonance at 1.975 eV, the excitonic
others therein In the last case extra Raman peaks appea@bsorption of the lgGa, P alloy. The small Stokes shif?
even under usual backscattering geometiééThe degree MeV) between this resonance and the highest energy PL
of ordering in the alloy is usually measured through the ratic®Mission peak indicates that the dominant PL process is due
b/a, whereb is the intensity at the valley between InP- and t0 xcitonic recombinatiofr'1® In fact, higher detection en-
GaP-like LO phonons anal the intensity of the InP-like LO  €rgies give the same PLE resonance at 1.975 eV and phonon
phonon(see Fig. 1 A value around 0.6 can be considered asf€sonances aboye the absorption edge, as occurs for good
representative of a completely disordered affbyraman  duality 1l-V semiconductors.
spectra measured in our layécentinuous and dotted line in
Fig. 1) do not present other peaks than the typical ones in ———— Y T

disordered InGa _ P alloys and &/a value as high as 0.58

is obtained, practically the same value to that corresponding 3 P rich” i

to completely disordered layers. Therefore, we can conclude g o esey

that ordering effects are completely absent in our samples & SR

grown by the ALMBE method, as was expected from our 2

previous TEM result$’ ‘@ |
Figure 2 shows the PL spectra Bt 10 K of the same ~“:~’ E, = 19256V

two In,Ga, _,P layers. The excitation source was the 514.5 I T 2 W

nm line of an Af" laser. A linewidth of about 10 meV mea- & "nGa rich"

sured for the P rich samplex€&0.47) indicates that the A . . . .

In,Ga, _,P growth by ALMBE at low substrate temperature 1.90 1.95 200  2.05

is a suitable growth technique for this material. On the con- Energy (eV)

Frary, the PL line observed in the InGa ndq:( 0'49) sample FIG. 3. Photoluminescendeontinuous ling and excitation photolumines-
is broader(35 meV) and redshifted about 60 meV with re- cence (dotted lind spectra taken aT =4 K from P rich and InGa rich

spect to that of the P rich. The different average compositiosamples. The detection enery,, is indicated in the plot.
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T —— T ordering. Stokes shifts of 17 meV have been previously
1.98F  Prich reported’ in disordered IpGa, _,P samples as due to alloy
disorder phenomena. In this respect we want to notice that
although the P rich samples show a fine speckle structure
(TEM results related to alloy clustering effects, we cannot
observe any relevant Stokes shift, as corresponds to highly
104} homogeneous alloys. This implies, in turn, that we are able
. to grow InGa, _,P alloys with a strict control of band gap
InGa rich -\\ energy by choosing appropriate ALMBE growth conditions.
1.92F On the other hand, samples grown under InGa rich condi-
tions show Stokes shifts as large as 43 meV, which to our
tgoloms o v knowledge is the highest value reported in the literature for
0 20 40 60 80 100 120 140 160 disordered InGa, _,P layers.
Temperature (K) In summary, we observe that structural properties of
In,Ga, _,P layers, which can be controlled during ALMBE
FIG. 4. Photoluminescence peak energy evoluti_on wWithhom In,Ga P epitaxial process by correctly choosing the growth condi-
Ir?g'fr(igggg)b;:\lngngﬂi;?@on under P rich ¢=0.47) and InGa tions, are detgrminant for their opti(':al'properties. In this
way, by changing the growth front stoichiometry we are able
o ) ] _ to obtain either highly homogeneous disorderegGim _ P
This is not the case for the InGa rich sample in which, 5j10ys with accurate control of its band-gap energy, or inho-
apart from the slightly smaller energy of the excito_n reso-mogeneous disordered [Ba,_,P layers which show clear
nance in the PLE spectrum as expected from the differencgcalization effects related to the presence of modulation
in the average composition of the alloys, a broadband is obzomposition features. More experimental work is needed in
served both for the PL line and the exciton resonance in thgyger to take advantage of the localization effects produced

PLE spectrum. We also observe a large energy differencgy self-organized modulation composition structures.

between the PL and PLE peaks, as high as 43 meV, consid-

ering that this InGa rich layer does not exhibit CuPt-like ~ The authors wish to acknowledge the Spanish

ordering. This huge Stokes shift can only be due to strongCICYT” for financial support under Project No. TIC96-

spatial localization effects directly related to the presence 01020. Thanks are also due to the Spanish—French Bilateral

modulation composition features in ,fBa,_,P samples Program under Grant No. HF1995-0028.
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