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X-ray diffraction and excitation photoluminescence analysis of ordered GalnP
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X-ray diffraction is shown to provide a direct, quantitative, structural measurement of the degree of spon-
taneous ordering in GalnP. In this paper we combine x-ray diffraction and excitation photoluminescence
analyses of CuPt-ordered GalnP, and comparing the results to theoretical predictions for the dependence of the
band structure on order parameter, determine the values of the band-gap reduction and crystal-field splitting
parameters for the perfectly ordered allp$0163-182€08)06447-9

Atomic ordering is frequently observed in epitaxially [111] (hereafter referred to 4411]B) CuPt ordering variants
grown ternary and quaternary IlI-V semiconductor alloys. Itare almost exclusively observed in these alloys. Epilayers
has received a great deal of attention because it affects tiggown on exac{001] substrates typically contain approxi-
electro-optical properties of the alloy and reveals interestingnately equal amounts of the tW&11]|B variants. Epilayers
surface-controlled epitaxial growth proces$eS. Although  grown on substrates tilted a few degrees fi@81] towards
many techniques, such as excitation photoluminescenca(111)B plane contain more of thail11|B variant than the
(PLE), are well suited to measuring the effects of ordering onother. A substrate tilt of 6° has been shown to produce nearly
electro-optical properties, they can only estimate the degresingle varian{111]B CuPt ordering°
of ordering in a sample by relying on theoretical calculations Six Ggln;_,P samples were studied. All were grown by
modeling the effects of ordering on the electronic bandmetalorganic vapor phase epitaylOVPE) on GaAs sub-
structure™® Recently, nuclear magnetic resonance spin echstrates cut 6° off of001] towards theg111) plane. All GalnP
measurements have been applied to the evaluation of thepilayers were nominally Zum thick. The growth is de-
order parametét.Measurement of the quadrapole interac-scribed in more detail in Refs. 4 and 5.
tions between nuclei and the local electric field gradient For PLE, a dye laser with a DCM dye was used for exci-
(EFG) were made, and a simple point charge model was uset@tion at a power level of approximately 1 mW. The valence-
to theoretically calculate the EFG at the cation sites and ddsand splitting AEygs) was measured with an accuracy of
duce an order parameter. This technique of determining the0.4 meV. The band-gap reductiodEg) was measured
order parameter, however, is also based on theoretical estiith an accuracy of-5 meV, the uncertainty being mainly
mates, in this case of the EFG using the point-ion model ordue to the uncertainty in the value used for the band gap of a
the local-density-functional formalism meth®d.A tech- random sample(we used E,=2.006 eV for random
nique is therefore needed that directly determines the orde€Ba, 5Jng 4¢P). The band gap for each sample was determined
parameter without relying on the results of electronic strucwith an accuracy of=0.5 meV. TheAE,gs and AE; mea-
ture calculations. sured values have been corrected for composition variations

X-ray diffraction can provide a direct, quantitative mea- referenced to a composition a=0.52. The PLE measure-
sure of the order parameter. It has previously been used tments are described in more detail in Ref. 4.
qualitatively study ordering in these materiéM/e present a Each sample was characterized using high-resolution
guantitative analysis of CuPt-ordered GAInP samples using-ray diffraction. Measurements were made on a 12-kW ro-
x-ray diffraction to directly measure the order parameter. Bytating anode x-ray generator, with a standard four-circle dif-
comparing x-ray results with those obtained using PLE, weractometer, and a CK ,, radiation (A\=1.54051 A pro-
test of the accuracy of the theoretical band-structure calculaduced by a G@11) monochromator with slits. This
tions and give the first independent determination of themonochromator, combined with a pulse height analyzer,
band-gap reduction and crystal-field splitting parameters foeliminates thex/2 radiation, which is essential for these ex-
the perfectly ordered alloy. periments. The resolution of the diffractometer was deter-

CuPt ordering is the most commonly observed and studmined from the full width at half-maximurfFWHM) of the
ied ordering in ternary IlI-V alloys grown epitaxially on ap- GaAs substrate peaks and was used to correct the measured
proximately[001] oriented substratés®Only partial order-  data. Typical detector slits used for determining peak posi-
ing has been achieved in these samples. InalllL-V zinc-  tions were 0.15 by 1 mm, corresponding to a radi26)
blende alloy with perfecf111] CuPt ordering, the IJ and  resolution of 0.0174°. Detector slits used to measure inte-
I, atoms occupy alternatél1l) planes. The[111l] and grated intensities in rockin¢) scans were 3 by 5 mm.
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The Galn;_,P compositions were evaluated from the po-simple matter to distinguish among them with diffraction

sitions of the(004) fundamental peaks. The degree of ordertechniques.
was calculated by comparing the fofk3,2} superstructure We define the order parameter for CuPt ordered
peaks to the correspondifii13 fundamental peakisee be-  Ga&lNi—xP asS=2(rga—Xgad =2(rin—Xin), WhereXgyn) is
low). These off-axis reflections were accessed usingythe the fraction of type-lil atoms that are Gén) atoms, and
circle so that the incident and exit angles of the x-rays werd Gain 'S the fraction of GglIn) sites that are “rightly” oc-
approximately equalw=26/2), and absorption in the thin cupied by Ga(ln) atoms.S varies from 0, for completely

P y equa . random Galn,_,P, to 1 for the perfectly ordered structure.
sample was a function af and y, determined by the traverse

According to this definition, onl Ing P can result in
of the incident and exit beams, as described below. g-q14 9 y Galnos

The integrated Bragg intensity from a periodic crystal is  The structure factor at a superstructure reflection can be
proportional to the complex product of the crystal structurewritten in terms of the order paramet8r This results in a
factor, | «<|F|2. The structure factoF for CuPt-ordered straightforward experimental technique for quantitatively
Ga/n; _,P includes both fundamental zinc-blende reflectionsmeasuring the order parameter for each order variant, from
and superstructure reflections resulting from the CuPt-typéhe integrated intensities of a superstructure and a fundamen-
long-range order. Thd indicates the inclusion of thermal tal reflection set. For exampl& can be calculated from the
factors (see beloyw. Each[111] CuPt variant results in a ratio of the integrated intensities of the,&,3) and (113
unique set of superstructure reflections, and it is therefore peaks, by

1+cos26 1/2

[1f6l%+ [XGaf cat Xinfinl 2] sin20

)(1_ e—Zl,LL/Sin 9)}

4|:
12 1/2)312) 113

S= 1+cos26

sin26

I113

) (1_ e*ZML/Sin (9)}

|fGa_ fIn|2
(1/2)(1/2)(3/2)

where 6 is one-half the angle between forward incident andS, based on experimental observations. Experiment gives
scattered beam directions, is the atomic scattering factor Ago=102.6-0.2 meV for 0<S<0.55° We can relate
for atom i, (L/sin#) is the x-ray path length inside the AE,gg(S) to AcS), and therefore t&?, as

sample, andu is the linear absorption coefficient of the

sample.* AEZgo(S)— AEyes(S)Aso
The atomic scattering factors were obtained from Ref. 15 vBS P =AcH1)S2 3
and standard corrections for dispersion and thermal vibra- AEves(S)—354s0

tions (using Debye—Waller factoysvere used. The Debye—

Waller factors were calculated from the estimated Debye PLE can be used to measufeE,gs(S) and AE4(S).

temperatures, using the Debye model, resulting inWithout an independent measurementSpthese PLE mea-

Bgap=0.3001 andB,p=0.2799'" The individual values surements can only give a value for the ratio of the param-

of Bp, By,, andBg, for the GalnP structure were not avail- etersAE4(1) andAcg(1). In order to extract a value for the

able. order parameter, PLE measurements must be combined with
CuPt ordering in ternary I11-V alloys reduces the band gaptheoretical calculations afEy(1) or Acg(1). By combining

and causes a splitting of the valence band. Theoretical prd2LE measurements with independent x-ray diffraction mea-

dictions for the dependence of the band gap reduction relesurements of the order parameter, we are able to verify the

tive to a random alloy 4E,) and the valence band splitting form of the above equations, and, if valid, individually fit the

(AEygs) on the order paramet&are given by' parameter\Ey(1) andAcg(1).
The composition of the six G, _,P samples ranged
AEY(S)=Ey(S)— Eg(0)=AEg(1)SZ, 2 from x=0.515 to 0.528, corresponding to lattice mismatches
with respect to GaAs of 0 to 0.094%. Although quite well
AEygs(S)=E1(S)—EL(S). latticed matched, even a small difference will result in some

inhomogeneous strain in the film. Bofh13 and{333 fun-

1
E.(S) andE,(S) are given in terms of the spin orbit splitting %Sagnsental peak sets were measured, as Weréztlﬁlé}_and

Using the quasicubic model, the valence-band maxim

f . 1 3,5,5) superstructure peak sets. TAR&EWHM of the (113)
(Asq) and the crystal-field splitingXce) by peaks measured in the integrated intensity scans ranged from
E1(S)=%[Asot Acx(S)], 1.3 to 2.9 times that of the GaAs substrate peaks. In addition,
most samples showed some mosaic structure in the tails of
Ex(S)= [ Asot Ace(S) 12— EAgoA e S)112 the GalnP peaks measured, again, in ghecans. Based on

these observations we have used standard kinematic diffrac-
where Ac(S) also depends quadratically 08 Ac(S) tion theory to model the integrated intensity because the
=AcH1)S®. Ago has been assumed to be independent otrain is sufficient to eliminate extinctidfiWe have chosen
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FIG. 1. (a) Radial(6-26) and(b) rocking (#) scans of théfl:%) ) . T
fundamental peak from a typical sample. Points represent expen1 EFIG 2. (a) Radial (¢-26) and (b) rocking (6) scans of the(5,
mental data, solid lines represent fits to the data. 3, 3) superstructure peak from a typical sample. Points represent

experimental data, solid lines represent fits to the data.

113 —
to use the{113} and {33 5} peaks to measure the order Pa" smaller than those of thel11] ordered domains. This indi-

rameter, since thé333 peaks are broader and cannot be fit ) L L
633 p cates that relatively podri1l] ordering is forming in small

as accurately. N .
All samples contained primariljL11] CuPt ordering, as /€3S within the GalnP epilayer.

There are two simplified models for the structure of a
indicated by strong §,4,3) peaks. Figures 1 and 2 show partially ordered material; either perfectly ordered domains
typical radial and rocking scans of tr(é13) and ¢,%,3)  exist within an otherwise disordered film, or the entire film
peaks. The correlation length of the crystalline domggad-  has homogeneous partial order. In the first model, the order
culated from the radial FWHM of thél13) peaks corrected Parameter would equal the fraction of the volume that is
for resolutior], the correlation length of thg111] ordered ordered. Based on the measured correlation lengths, this
domains[calculated from the radial FWHM of th%(z,2 thdeI hWOU|d result in smdalfle[rlﬁl] order pi';\rameters thanh
peakd, the mosaic spread of these pediven by the § those that were measured for these samples, except perhaps

; ) for sample number 1642. The homogeneous model seems to
FWHM), and thg 111] order parameters are given in Table I. b 9

Th its indicate | hiah lit talline d - fit these samples better, with the smaller ordered domains
€ results indicate large, nhigh-quailty crystaiiine Omalnst—:-xplained by the occurrence of antiphase boundaries, which
and somewhat smaller ordered domains.

; . do not affect the magnitude & This is a simplified model;
A small amount of th¢111] variant was also present in gince x-ray diffraction averages over the entire irradiated vol-
four samples, resulting in wealks (3,3) peaks. The111]  ume, it will give an average order parameter if any inhomo-
order parameters in these samples ranged from 6011  geneity exists.
to 0.044:-0.002. These values are 10% or less of the mea- The measured order parameters are plotted versus PLE-
sured[111] order parameters. The correlation lengths ofmeasuredAE,gs and AE, values in Figs. 3 and 4. The
these ordered domains, 48+ to 126 A+35, are much circles represent the measured data. The solid lines represent

TABLE I. X-ray diffraction results for GalnP samples. Correlation length is calculated from the resolu-
tion corrected radial FWHM of the peaks; the mosaic spread is given bg Bvé¢HM in rocking scans. The
order parameter is calculated from the integrated intensities, taken in the rdéksicgn mode, using Eq.

.

Sample Correlation LengthA) Mosaic spreaddegreep [111] order
No. ) — - — parameter
Crystalline [111] order Crystalline [111] order
domains domains domains domains
396 3685165 110319 0.026 0.038 0.4680.010
407 7351283 1038-6 0.018 0.032 0.43%0.001
1639 245149 7979 0.025 0.057 0.5080.019
1642 8424358 1038:5 0.018 0.040 0.2820.008
1643 1003305 11759 0.024 0.042 0.4480.017

1650 5513123 1971 0.024 0.274 0.5160.014
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FIG. 4. Order parameter VAEy(S). Circles represent experi-
FIG. 3. Order parameter SEg5(S). Circles represent experi- mental data, the solid line represents a fit to the data using2Eg.
mental data, the solid line represents a fit to the data using3Eq. the dashed and dotted lines represent theoretical predictions using
the dashed line represents theoretical predictions using LAPWpseudopotential-LDARef. 12 and LAPW-LDA (Ref. 1] calcula-
LDA (Ref. 1)) calculations. tions.

fits to our data using Eq$2) and(3), and fitting the values PLE and absorption studies have given values for
of Ac(1) andAEy(1). Thedashed line in Fig. 3 represents AE,(1)/Ace(1) of 2.36+0.06 (Ref. 4 and 2.66-0.152 The
theoretical predictions using linearized augmented plang APW-LDA theoretical prediction for this ratio is 1.8.0ur
wave local density approximatiolAPW-LDA) (Ref. 1) results give 2.630.2, which agrees well with the experi-
calculations. The dotted and dashed lines in Fig. 4 represeRkental result of Ref. 5. All of these experimental values are
theoretical  predictions  using _LAPW'LDlA and  pigher than the theoretical LAPW-LDA resullt.
pseudopotential-LDARef. 12 calculations. _ In conclusion, we have presented the first quantitative
Our data are consistent with the proposed quadratic d&qeasyrement of the average order parameter in CuPt-ordered
pendenie of+the band structure &h 9‘” fits result in Ga1np using x-ray diffraction. By combining this data with
ﬁES%)L_D‘f?/Te?Js crertllihllatzdnc\j/alAuceFé1o)ﬁi_Eli(3f)i=1§2 On:ne(;(} PLE band structure measurements we have confirmed the
) ; 9 quadratic dependence of the band structure on the order pa-
andA(1)=200 meV. This theory is expected to be a good ) . .
estimate for the ground states, and hence the valence—barrw%meter and independently determined the two important pa-
’ rametersAEy(1) andAcg(1) for GalnP. X-ray diffraction

splitting (Acp, but less accurate for the excited states i N
(AE,), which it is expected to underestimate for Galdp. has traditionally been used to study structure and ordering in

The LAPW-LDA value forAc{(1) is quite close to our ex- materials, and proves here to be a powerful tool for studying
perimental fit (dashed curve in Fig. )3 while the these phenomena in lllI-V semiconductor alloys.

pseUdOpOtential'LDA calculation results in the closest theo- This research was Supported in Houston by the National
retical AEq(1) to our value(dashed curve in Fig.)4This is  science Foundation on Grant No. DMR92-08450, the Robert

reasonable, since the pseudopotential-LDA calculation ingy \welch Foundation of Texas, and the Advanced Technol-
cluded an LDA correction intended to improve the estimateOgy Program, State of Texas.

of the band gap.
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