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A number of complementary experimental characterization tools and theoretical band structure methods
were used to determine unambiguously the band-edge luminescence as a function of Al concentration, and to
place an upper limit on the short-wavelength emission of InAlGaP alloys lattice matched to GaAs. In particu-
lar, the direct-to-indirect band-gap crossing has been determined by analyzing a series of metalorganic vapor-
phase-epitaxy-grown g Al,Ga _,)o5:P alloys lattice matched to GaAs with double-crystal x-ray analysis,
Rutherford backscattering spectroscopy, pressure- and temperature-dependent photoluminescence, and trans-
mission electron microscopy. The experimental measurements are compared to first-principles plane-wave
pseudopotential band structure calculations for the ternary end points, InGaP and InAIP. The maximum room
temperature direct band gap is found to be 2.24 eV, corresponding to an Al composijierDdi2+ 0.02, in
good agreement with the theoretical prediction of @-585.

I. INTRODUCTION room temperaturgRT), with the luminescence intensity
dropping two to three orders of magnitude fron+0.0 to
The phosphide-based quaternary alloyy=0.4-0.7. The lower end of these valugs24 e\} can

In,(Al,Ga, _,); ,P lattice matched to GaAs is one of the often times be correlated with CuPt-type orderifig:® Con-
most important material systems for visible photonic devicesistent with this observation, Gavriloviet al.*® found the
(lasers and light-emitting-diodesThe wavelength can be band gap of InAlGaP increases with post-growth annealing
tuned from red to green by changing the Al to Ga moleor impurity diffusion; both of these procedures decreased the
fraction y. Unfortunately, as the Al concentration is in- amount of ordering found in the sample. Hayakaetaal®
creased, the radiative efficiency of InAIGaP alloys appears t@btained RT PL at 2.30 eV foy=0.65 in Si-doped
decrease dramatically. For example,yat0.5 the lumines- Ings(AlyGa _,)osP. The intensity at this Al concentration
cence intensity is reduced by two orders of magnitude awas three orders of magnitude lower thanyat0.0. They
compared tg/=0. It has been suggested that this decrease idid not characterize whether the PL wis X, or impurity-
due to an increase in nonradiative defects or a direct to indirelated. Nozaket al® obtained liquid heliun{LH) PL from
rect crossing as the Al mole fraction is increased, or both. Tdoth the direct(I’) and indirect band edge&X) up toy
distinguish between these two mechanisms, and to ultimately 1.0, and noted that different band edges could be distin-
realize the full potential of InAlIGaP alloys for photonic ap- guished by a change in slogeL intensity versus alloy com-
plications, a systematic study of the compositional depenposition at approximatelyy=0.4. The limiting wavelength
dence of the band-edge luminescence is required. found by Nozakiet al® was 2.29 eV at 4.2 K foy=1.0
Many measurements of the compositional dependence ¢fnAIP). This is in contrast to the results of Hayakaetzal.,®
the band-edge luminescence of ordered and disordered alloyghich, when extrapolated to LH, would be 2.37 eV yat
of Ings(Al,Ga,_,)osP have been made previousiy?? In  =0.65. Ohbaet al’ found a limiting wavelength of 2.26 eV
general, the short-wavelength limit for detectable photolumi-at 300 K fory=0.53; the PL energy increased linearly up to
nescence(PL) intensity occurs between 2.24-2.30 eV atthis point with no slope change, indicatinglalike band-
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edge luminescence. Interestingly, Ikegtaal? also observed 60000
LH PL at 2.37 eV in Se-doped §r(Al,Ga _,)osP. In this
case, the sample composition was not determined, although
this energy corresponded to an AlfAGa mole-fraction ratio

of 0.8 in the vapor phase during growth. More recently,
Mowbrayet al!' and Prinset al!? reported direct-to-indirect
crossovers in Ipg(Al,Ga, )y P aty=0.50 and 0.58, with
limiting wavelengths of 2.334.2 K) and 2.25 V(300 K),
respectively.

The relative scatter in the published upper limit on the Al
mole fraction at which PL can be obtained is primarily due to
two factors: differences in sample growth techniqyes
dered versus disordered, doping leyedsid the lack of an
independent structural characterization of the as-grown alloy.
Without an independent structural analysis, the Al concen-
tration is only indirectly inferred from either assumed band-
gap variations, growth runs of binary and ternary alloys, or 30000
x-ray analysis. The use of x-ray analysis to determine com-
position is uncertain since GaP and AIP are nearly lattice
matched. These factors have led to an uncertainty in the Al
concentration at which the direct-to-indirect transition in
Ings(AlyGa _)osP occurs. To design efficient short-
wavelength photonic devices from this material system, i.e.,
vertical-cavity-surface-emitting lase(¥CSEL'’s) and light-
emitting diodes(LED’s), an accurate representation of the
guaternary band structure is essential.

In this paper, a number of complementary experimental
characterization tools and theoretical band structure methods
were used to determine unambiguously the band-edge lumi- o In(surface)~™"
nescence as a function of Al mole fraction, and to place an : : v
upper limit on the short-wavelength emission of 100 200 300 400
Ing 4 Al,Gay_,)o5P alloys lattice matched to GaAs, i.e., (b Channel Number
the direct-indirect [-X) crossover. In particular, we have
analyzed a series of metalorganic vapor phase epitaxy FIG. 1. A representative backscattering spectrum from an un-
(MOVPE)-grown Iy 4 Aly,Gay_,)osP alloys lattice capped InAlGaP sample on GaAs obtained With'l.8 MaVand
matched to GaAs with  double-crystal x-rayDCX) 2.5 MeV (b) Hg. Several of the step; corre;pondlng to the surface
analysisl.ﬁ Rutherford backscattering spectrome(RBS R4 and substrate interface are labeled in the figure.

1 .
pressure- and temperature-dependent Pland _high- Millipore Waferpure phosphine purifier was used in-line.
magnification, dark-field transmission electron microscopygq, quarter-wafer GaAs pieces were loaded onto a graphite

19 :
(TEM).™ The experimental measurements are compared 1Q,scentor for each growth run. The substrates wer€L@0)

first-priqciplgs plane-wave pseudqpotential band structur%aAS, misoriented 2° toward®10] (neares{110)). All lay-
calculations” for the temary end points, InGaP, and INAIP. o< axhibited mirrorlike surfaces, and each growth run was

confirmed lattice matched to GaAs withika/a<<5x 104

Il. METHODS using DCX rocking curve measurements. All samples were
grown at a temperature of 750 °C or higher to avoid order-
ing; this was confirmed by the TEM measurements discussed

Two types of samples were prepared and studied in thipelow.
work, epilayers and double heterostructures. The epilayers Since AIP and GaP are nearly lattice matctied.2%9,
consisted of micrometer-thick dndAl,Ga _y)os:P alloys the DCX analysis only fixes the In concentration, assuming
lattice matched to GaAs and the second type is a doubleero lattice parameter bowing of the quaternary. To obtain
heterostructure device consisting of a micrometer-thickhe Al/Al4+Ga mole-fraction ratio, RBS analysis was per-
INo 4 AlyGa; —)o5:P layer sandwiched between two INAIP formed. For the IpsgAl,Ga _y)o 5P alloy RBS can accu-
barriers on a GaAs substrate. rately determine both the In/P and In/Ga mole fractions,

The epilayer samples were grown on a low pressure IRfrom which the Al concentration can be deduced. For con-
lamp-heated MOVPE system with a horizontal quartz reacsistency, the In/P can be compared to the DCX results; for
tion chamber opening into a purged-filled glove box. A  lattice-matched samples this ratio is found to be @&.6@M2.
growth pressure of 110 mbar was used, with a total flow raté\ representative backscattering spectrum from uncapped
of approximately 11 sim. The V/IlI ratio was150. Sources  Ing 4 Al,Ga, _,)o5:P Oon GaAs, obtained with 1.8-MeV He,
include adduct-purified trimethylindium and triethylgallium is shown in Fig. 1a), where several of the steps correspond-
(Air Products, oxygen-reduced grade trimethylaluminum ing to the surface and substrate interface are labeled. One
(Morton International and pure phosphinéPhoeniy. A channel on the horizontal axis corresponds to an energy in-
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40000 . . . . . i Here do/dQ), is the differential cross section for elastic
Al backscattering from the nucleu$ @ Z atom,K, is the frac-
V4 1.8 MeV “He tion of the energy of the He ion that is retained after the
300003?%% p J nuclear scattering event(E) is the energy-dependent aver-

age energy-loss cross section per atom in the fitqis the
energy of the incident He beam, ar}, and 6, are the
i angles between the sample normal and, respectively, the in-
coming beam and the outgoing backscattered particles that
o enter the detector. The nuclear cross sectida/@(), is
10000 L in A known very accurately, being nearly proportionaFfoin the
o center-of-mass frame with a well characterized correction of
~1% due to electron screenif§The backscattering energy
0 , . , , . , %mmm factor K, is also accurately known. The electronic-stopping
160 180 200 220 240 260 280 300 cross sectior is obtained by linearly combining experimen-
Channel Number tally _ determined cross sections for tht_a elemental
constituents’ As a result, the quantit§, may be in error by
20000 ' ; . ; r . as much as 10%. Fortunately, howevgy,varies smoothly
with Z, and the derivative is known to about the same frac-
tional accuracy as the magnitude. Consequently, since the
4 value of S, changes by only~2% from In to Ga and by
~10% from In to P, the ratios of this parameter appearing in
%% Egs. (1) and (2) are judged to have inconsequential uncer-
10000 }q | tainties.
Axial and planar ion channeling are of concern for accu-
oln rate concentration measurements in single-crystal materials.
5000 P i Equations(1) and (2) are based on the absence of random-
f ° ization of such effects. To avoid channeling, the sample nor-
mal was tilted 5° from the incident He beam and continu-
0 , . , , , ously rotated about its normal during the measurement. The
280 300 320 340 360 380 400 420 solid-state detector was positioned at a scattering angle of
170° and at 15° from the sample normal. The need for this
unusually elaborate procedure was illustrated by a spectrum
, ) obtained when one of the samples was tilted, but not rotated.
_FIG. 2. Expanded backscattering spectrum of Fig. 1, togethefrpg effect on the spectrum was quite noticeable, presumably
with _Ieast-squares-flt lines that were used to det_ermlne the steaue to the accidental coincidence of the beam or detector
amplitudes. See text for more details of the analysis. with some unidentified crystalline plane in the sample.
Temperature- and pressure-dependent PL were used to

20000

Backscattering Yield (counts/channel)

E

2.5 MeV *He
15000

Backscattering Yield (counts/channel)

(b) Channel Number

terval of 5.51 keV. Figure (b) shows a spectrum from the termine th ) iati ith Al le-
same sample obtained with 2.5-MeV He. At the higher enjﬁe ermine the band-gap variation wi fAGa _mole

) action ratio. The pressure dependence was found to be ex-
ergy the edges are more separated and the yields vary Ieﬁ%mely useful for two reasons. First, since thandX band

)[’;’]'th energ)g but th?} nhumber gfgqour;;ts pefr chan?el 'f Iessgo aps have opposite pressure derivatiyessitive forI' and
€ same beam charge, an € F suriace step lies abo ggative forX), unambiguous state determination could be

other_spectrall structures, making quantitative ana}lysis of t.hiﬁwade. For all the samples reported here, the reported PL was
constituent difficult. Consequently, both analysis energiey jive with all positive pressure derivatives. Once the en-

arngsefulzmrtlhe case of unt(:ja%pe_d spictlrznens. ¢ in Fi ergy of thel' state was larger than th¥ state, either by
Igure 2 SnOws an expanded View ot thé Spectrum in Igapplying pressure or changing the Al composition, no PL
1, toge_ther with Ieast-sqgares-ﬂtted lines that were qsed ould be observed. The second useful effect of pressure is
dgtermme the step amplitudes. For egch step, the lines Mat the change in intensity with pressure could be mapped
elther_SIde were extrapolated to the middle of the step, an n to the change in intensity with composition, i.e., pressure
the difference betweeq the extrapolated vaIueg'was the@ “equivalent” to an increase in Al concentration. Thus we
taken as the step amplitudé Hence, the compositions re- could follow several samples through the direct-to-indirect

pofted later correspon_d to the upper portion of th_e fil_ms. Th‘?ransition with both pressure and composition. Since the in-
ratio of the concentrations of constituefity and[2] is given tensities for pressure and composition followed similar

by curves(see below this indicated that most of the intensity
decrease in g AlyGa )P is more likely due to non-
E: ﬁ d_o d_o i (1) Al-related defects. InGaP under pressure exhibited a similar
(2] [ Yz (\dQ]) d@/ || S’ intensity decrease as Al was added.

The experimental configuration for the PL measurements
with is described in Refs. 21 and 22. However, a brief description
will be given here. The argon-ion laser power is coupled into

S,=K,|sed;,|e(Ep) +|sedoule(K,Ep). (20 aglass optical fibefcore diameter 100 um) by means of a
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fraction, CuPt ordering reflections were observed. Dark-field
- InAIP imaging with a{111 ordering reflection was then used to
4 determine which layers were ordered, as shown in Fig. 3.

With this technique, the ordered domains are illustrated. A
relatively small 5um objective aperture was used in our
instrument(Philips CM20T; objective focal length 2.7 mm;
0.27-nm resolution achievableo maximize the contrast due
to ordering and minimize interference from the zinc-blende
reflections, albeit at the cost of image intensity. Ordered do-
mains are readily found in the lowergpgAl, P barrier layer
and less domains are seen in the upper layer, but domains are
not detected in the 140-nm thick g Al g 445& 560 5:P al-
loy layer, as seen in Fig. 3. Their shape indicates that they
are platelets being viewed edge en3 nm thick and 30—80
nm across; similar ordered domains were seen in
Ing £Gap &P+

The detection of domains in layers on both sides of the
INg.ad Al 944Gy 590 5P alloy layer clearly shows that if a
similar degree of ordering were present in this alloy, it would
have been detected. The less intense order in the upper layer
may be due to the specimen’s being thinner at this position.
The ordered reflections from theglgAl, sP barrier layers are
relatively weak compared to those for well ordered
IngsGay sP; they are similar to reflections detected with
weakly ordered IpsGa, sP where the band gap was reduced
by only ~20 meV (grown at 600°C or ~40 meV
(725 °0.1° We infer that any undetected order present in the
INg.ad Al 5.44Gay 59 0 5:P alloy probably results in a band-gap

. , o reduction less thar-40 meV.
FIG. 3. Transmission electron microscopy dark-field image of

INAIP/InAIGaP/InAIP heterost_ructure. Ordered_domaﬂm&ite lin- B. Theoretical methods
ear featurgsare clearly seen in the lower barrier InAIP layer, and ) ] ] )
end abruptly at the InAIGaP active layer. The electronic and optical properties of disordered InAIP

alloys were modeled using the special-quasirandom struc-

beam splitter and a microscope objective. The same fiber igires(SQ9 proposed by Weet al?® The quaternary alloy is
used to transmit the laser light to the sample and to return théecomposed into ternary end points, InGaP and InAIP, with
luminescence signal, which is directed to the monochromatogach ternary alloy treated at different levels of sophistication,
and the data acquisition system. Laser power densities at the., virtual-crystal approximation(VCA), SQS-2, and
sample were of the order of 1 W/énand PL studies were SQS-4. The electronic properties were calculated within the
made at temperatures of 4(dquid helium), 76.0(liquid ni-  local-density approximatiéfi (LDA) of density functional
trogen, and 300 K (RT). The hydrostatic-pressure- theory?® using the generalized norm-conserving pseudopo-
dependent PL measurements were made using a higlentials of HamanR® the exchange-correlation potential of
pressure helium gas system. The sample is attached to tieperly-Alder’* and a highly converged plane-wave expan-
polished end of the optical fiber by means of GE7031 varsion. The nonlinear core charge correctiddLCCC) of
nish, thinned with a 50/50 mixture of toluene and methanolLouie and Froyeff was used consistently for Al, Ga, In, and
The pressure chamber siz@.32-cm inside diametgtimits P, although it makes very little difference for Al and P. The
the sample size. Typical sample sizes are 0.16 cm squarBrillouin sampling of the bulk structures were performed
Pressure is applied to the sample by high-pressure heliumith 10 specialk points?® and the SQS’s with equivalent
gas before the probe is inserted into the low-temperature batepoint sets proposed by Froy8hA plane-wave energy cut-
in order to insure against pressure leaks. By limiting theoff of 24 Ry (used in all the calculations presented beldsv
lowest temperatures to liquid nitrogei@6é K), the helium  sufficient for convergence of band gaps and valence band-
pressure media remains in the gas phase, thereby allowingidths to less than 0.01 eV; the lattice parameters converge
pressure changes at these temperatures without a warmiag a smaller value.
cycle. A kinetic model for the PL was used to predict the PL

Several alloys of IpsGaygP grown at various intensity from the computed band structure. The PL intensity
temperaturéd and an 1 44 Al 4G 59 0.5:P alloy between depends on the ratio of radiative to nonradiative recombina-
Ing.sAl 5P barrier layergdouble heterostructuyevere exam-  tion rates. The nonradiative rate is dominated by defects of
ined with TEM using electron diffraction and dark-field im- unknown origin. In this model, the concentration and elec-
aging. The IgsAlq 5P alloys grown between 600 and 725 °C tronic properties of the defect are assumed to be independent
showed CuPt-type ordering; it was strongest at 675 °C, bubf alloy composition. This simple model st priori justi-
could be eliminated by growing at 750 °C or high&when  fied by the surprisingly good agreement with the experimen-
the double heterostructure was examined with electron diftal data to be discussed below.
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The key ingredient in the kinetic model is the composition 400 T
and pressure dependence of the direct-to-indirect crossover.
The PL intensity is determined by the fraction of carriers
residing at thd” point. These carriers are allowed to transfer
between thd™ and X points via disorder or phonon scatter-
ing. The transfer rate is fast compared with the radiative rate.
In fact, because the transfer rate is fast, the PL intensity
becomes independent of this rate.

Because of the simple assumptions relating to the nature
of the defects, it is assumed the nonradiative recombination
rate is constant whether the carriers reside afittoe the X
point. 100

The kinetic equations are

| L L
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dn
d_tx =0x+ Trxnr— TxrNx—RxNx—rxNx. (4) FIG. 4. Linear and logarithmic plots for an epilayer
Ing 4dG& 5:P photoluminescence spectrum at 4.2 K. The small peak
In Egs.(3) and (4), the pump rates arg, the radiative rates near 1930 meV is the 47-meV LO-phonon sideband and the small
arer, the nonradiative rates aR and the transfer rates are PL pgak near 1990 is probably due to another disordered phase as
T. For Egs.(3) and(4) to be valid, the samples are assumeddescribed by Delongt al. (Ref. 30.
to be lightly doped, and the injected carrier density does no

exceed the background majority carrier density. If this as-%Or the caseEx<Er. These rates are written in terms of the

sumption is violated, bimolecular carrier kinetics would needé!émental ratél, and the thermal density of statég and
to be assumed. X: . . - I

To compare with the steady state PL experiments, the 1h€ case inwhich th& point lies below theX point is of
time derivatives are set to zero. To a good approximation, igr€atest practical interest. To a good approximation, the ra-

can be assumed thgi=0. Adding Egs.(3) and (4) diative rate from theX point can be ignored. Thus we set
’ r.=0. For this case, the luminescence intensityr -ny- can
gr=RrNp+rrnp+ RyNy+ Ny . (50  bewritten as
This is a conservation rule for the total injected carrier den- | IrOr (19

T Rp+ [ ToNxF(T)/(ToNp+ R TRy

Furthermore, this expression simplifies to

sity. Assembling,

TrxNr
T+ Rt ©
Xr X X r'rar

|: 3
and Rr+rp+[Nxf(T)/Np]Rx

(14

using the fact thal ;> Ry.
ne— 9r %) Because the defects are assumed composition indepen-
"UReH [ Trx/(Txr+ R+ 1) J(Ry 1) dent,R=Rr=Rx. Then

The transfer rates are strongly temperature dependent and | rror L
:)eflated by detailed balance. The rates can be written in terms {1+ (N /NP F(TIR (15
f(T)=exp(— Ay /kgT), (8) Ill. RESULTS

whereAyr=|Ex—Er| andT is the lattice temperature. The A. Experimental results

rates can be approximated as The 4-K PL spectrum for a disorderedy lyGa, 5P epil-
ayer sample is shown in Fig. 4. The full-width-at-half-
Trx=ToNxf(T), (99  maximum (FWHM) linewidth is about 4.5 meV, indicative
of the good quality of these samples. In this paper, the peak
Tyr=ToNr (100  energy of the PL spectrum is used as a measure of the band-
gap energy of the sample. There are two extra peaks at 1930
for the caseEx>E, and and 1900 meV, indicated in the logarithmic PL plot in Fig. 4.
The one near 1930 meV is the phonon sideband from the
Trx=ToNx, (1) 47-meV LO phonon. The higher energy peak near 1990 meV

is probably due to a portion of the sample which is “more
Tyr=ToNpf(T) (12)  disordered” as discussed recently by DeLoetgal,>® who
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FIG. 5. Band-gap energies verspat temperatures of 4 Ksolid FIG. 6. Band-gap energy as a function of pressure at 76 K of

circles and 76 K (open circles and 300 K(solid triangles. The  In, , Al,Ga _y)osP, for y=0.2-0.5. The straight lines drawn
slopes are 629, 673, and 706 meV/Al, for 4, 76, and 300 K, respechrough the data have slope of 9.0.3 meV/kbar.
tively. For the sake of clarity, the 4-K least-squares fit is not drawn.
alloys exhibit a positive pressure derivative of 813 meV/

conjectured that the “true” low-temperature band-gap enerkpar, indicating direct zone-centér transitions. A positive
gies of Iy 4dGay 5P at 4 and 300 K are, respectively, 2011 pressure derivative of this magnitude, distinguishes it from
and 1905 meV. zone-edgeX or L transitions with typical pressure derivatives

In order to study thd'-X crossing, the band-gap energy of approximately—2.0 and +2.0 meV/kbar, respectively.
was measured for a series of (Al Ga )0 5P epilayers  Consistent with the temperature dependence, no PL could be
and double heterostructures, with Al concentrations rangingbtained for pressures inducing band gaps above 2.30 eV.
up toy=0.52. For concentrations greater thgn0.52, the The most obvious result attributed to tReX crossing is
PL signal was not observable, indicating that #igoint  a reduction in the peak intensity as the energy difference
energy is higher than th¥-point energy where nonradiative between thel’ and X conduction-band energies decreases.
processes are thought to dominate. Figure 5 shows the Plrhe decreasing PL intensity variation with composition is
determined band-gap energies versus Al mole fraction for 4shown in Fig. 7. It is apparent that near Al mole fractions of
76, and 300 K. As outlined previously, the Al mole fractions about 50%(i.e., 76-K band-gap energies of about 2.30 eV
were determined by RBS. A few samples were not characthe intensity is dramatically reduced. The pressure depen-
terized by RBS, therefore, the Al mole fractions of thesedence of the PL for a given Al concentration follows a simi-
samples were obtained from growth calibrations. Thear trend; the intensity depends weakly on pressure and com-

straight lines drawn through the data are a result of leastyosition below y=0.45 and strongly near the direct to
squares fit and are well described by the following linearindirect crossingy=0.52.

equations:
Eg(4 K)=1962+ 629 meV/Al, B. Theoretical results
In this section, a direct comparison is made between the
Eg(76 K)=1958+ 673y meV/Al, steady-state predictions of the kinetic theory with the PL
and data. The rates are chosen as follows=10’s ! andr,

=0 for the radiative ratesRy =Ry andRy=10° s™* for the

nonradiative rates. For the transfer rate, we take a value of
EY(300 K)=1861+708  meV/Al. (16 To=10°s ! cm?. Using this value yields transfer time of
A lack of PL above 2.30 eMor Al mole fraction ofy  approximately 10'%2s. Most direct gap semiconductors
=0.52) does not, by itself, unambiguously determine the dihave rates similar to these values.
rect to indirect band-gap cross over. By applying hydrostatic Figure 7 compares the experimental intensity at 76 K with
pressure to a series of samples with varying Al compositionthe calculated efficiencg =1/gr as a function ofl’-X en-
direct band-gap samples could be followed through theergy difference(thermal densities of states are set equal to
direct-to-indirect band-gap crossing. one and T,=10'9). The excellent fit with experiment

Figure 6 shows the 4-K band-gap variation with hydro-strongly supports the crossover occurring at Al mole fraction

static pressure for jydAl,Ga _y)o 5P, With Al mole frac-  of 0.52, and the presence of a nonradiative recombination
tions ranging fromy=0.2 to 0.50. Independent of, the  center.
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100 . . . . . TABLE |. The zone-edgél’, X, andL) band gapgeV) at the

i ] theoretical lattice parameters of A(B.422 A, GaP(5.356 A), and
InP (5.834 A), not including spin-orbit interactions. The experimen-
tal values are taken from Ref. 3A(I'-X) is the difference in
energy of the direct band gap’) and the indirect band gapXj.
The value of theA(I'-X) for AIP in parentheses is a theoretical
value obtained from quasiparticle calculations of Ref. 33. The LDA
correction is the difference between the experimental and theoreti-
cal band gaps.

> AT-X):  A(T-X): LDA
8 10 b EgTl) Eg(X) Eg(L) theory expt. correction
% AP 326 142 2.74 1.84 1.12.89 1.09
GaP 215 1.45 1.75 0.70 0.55 0.90
[ InP 059 161 1.37 —-1.02 -0.96 0.87
I
scribing the structural and electronic properties of Ga- and
In-based semiconductors has been discussed previously by
Wright and Nelsort!
o2 o The zone-edgdl’, X, and L) band-gap energies at the

theoretical lattice parameters of AlP, GaP, and InP are sum-
marized in Table I. AIP and GaP exhibit indirect band gaps
Energy (meV) at theX point and InP has a direct band gaplatconsistent
with experiment. The LDA band gaps are underestimated by
FIG. 7. Normalized 76-K photoluminescence intensity versus._5go, of the experimental value. A more relevant quantity
energy. The solid circles and squares are the epilayers and trfﬁrthe purposes here is the difference in energy ofithand
double_ heter_ostructures. The solid line is the theoretical predictiog(_point conduction-band energies. These values are also re-
of the intensity versus energy for 76 K. ported in Table I. The LDAI-X conduction-band energy
differences[A(I'-X)] of 1.84 (AIP), 0.70 (GaP, and 1.02
The temperature- and pressure-dependent PL measureV (InP) are in good agreement with the experiment vaities
ments do not provide information on the relative variation ofof 0.55 (GaP and 0.96 eV(InP). The experimentaf I'-X
thel, X, andL band-gap energies of Jad Al,Ga,_,)osP  splitting of AIP is 1.12 eV, in contrast to theoretical esti-
with Al mole fraction. To obtain this information, first- mates of 1.87 eV, based on the quasiparticle calculations of
principles plane-wave pseudopotential calculations were peXu and Louie®® Our results are consistent with the quasipar-
formed. As a guide to understanding the electronic states dfcle calculations. The LDA correction in Table | is the dif-
Ing s(AlyGa )0 sP, a summary is given here of the calcu-

1900 2000 2100 2200 2300 2400

lated structural and electronic properties of bulk AIP, GaP, InGaP InAIP
and InP. These results will also provide a way to test the o 3.00 T ]
sensitivity of the results for the direct-indirect crossing to the @ 275 5 —
calculational details. For example, the LDA severely under- > =7 ¢ 1
estimates the absolute value of band-gap energies, whereas & 5.5 [ = ]
the band dispersions, i.&’; X energy differences, are known g X X 1
. . : S ... Xx=0.58 ]
to be in better agreement with experiment. W 225 ¢ 1
The calculated AIP, GaP, and InP lattice constants are & EL //
5.422, 5.356, and 5.834 A, respectively. Typical of highly =~ & 20074 ]
converged LDA calculations, the AIP and InP lattice con- g 175 C ]
stants are about 1% smaller than the experimental values of < '~ [ ]
5.46 and 5.87 A. In the case of AIP, the NLCCC makes very @ 1.50 = 1
little difference in the lattice parameter;0.01 A, as ex- 0 0.2 0.4 0.6 0.3 1
pected. This is not the case for GaP and InP. Without the Al COMPOSITION Y

NLCCC (Ref. 27 the GaP lattice parameter is smaller than
the experimental value of 5.45 A by 3.2%, and with the

NLCCC (Ref. 27 the lattice parameter is improved by 0.09 In,Ga; P and IgAl, P, calculated with the plane-wave pseudo-

. otential method using the SQS-4 representation of the ternary al-
0,
A or 1.7% smaller than experiment. Although the CalCmatecﬁ)ys (see text for more detajlsThe band-edge states are assumed to

structural properties of GaP have been improved with th&ary jinearly with composition between the two end points, i.e.,
NLCCC, these reSU|tS dO not represent typ'cal errors in Welbbey”']g Vegard’s law for quaternary a”oysl The band_edge ener-
converged LDA calculations. This points to the importancegies have been rigidly shifted to take into account local-density
of including the low-lyingd-“core” states in the calculation, approximation errors and to make a more realistic comparison with
to achieve 1% accuracy. The importancedoftates in de- measured valuesee text for more detajls

FIG. 8. Band-edge energies for the ternary endpoints
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ference between the experimental and theoretical band gagaction of 0.58, 13 5(Al o565 400 5P, in reasonable agree-
energies; these values are within 0.2 eV for AP, GaP, angnent with the experimental value of 0.52, given the 0.1-eV
InP, being the greatest for the larger band gap AIP. Th@ncertainties in thd'-X energy separations of the binaries.
discrepancy of+0.10 eV between the experimental and The flat dispersion of the< point is related to its atomic
theoretical values of thE-X energy difference and the0.2  character—theX-point conduction-band state is predomi-
eV difference in the LDA corrections to the band gaps placesantly associated with the P anion. The slope offHeand

a limit on the aCCUracy of the prediCtion of the direct to gap is 0.75 eV/Al Compared to the experimenta| value of
indirect crossing of about5%. 0.63 eV/Al (at 4 K).

The direct-to-indirect crossing in dnd Al,Ga; _y)os:P is
modeled using the SQS structures developed for disordered
ternary IlI-V zinc-blende alloys. A comprehensive discus-
sion of the SQS structures can be found in Ref. 23. For the V. SUMMARY
purposes here, the calculations were performed using the Complementary experimental and theoretical techniques
SQS-4 representation of the ternary alloy end pointshave been used to determine the compositional dependence
Ing sGay 5P and I sAl sP. The SQS-4 structures are orderedof the luminescence of Al ,Ga, _y)o 5P alloys near the
(InP),-(GaP), or (InP),-(AIP), [110] superlattices. Th&,  direct-indirect band-gap crossover. The crossover occurs at
X, and L band-gap energies are assumed to vary linearhan Al mole fraction ofy=0.52, corresponding to a room-
between the ternary alloy end points. This approach was chaemperature band gap of 2.24 eV. A simple theoretical model
sen rather than a virtual crystal approximatiMCA) of the  based on a nonradiative recombination center accurately rep-
group-1ll pseudopotentials, since the VCA does not accuresents the essential features of the decrease in PL intensity
rately represent the true band gaps of disordered alloys coms the crossover is approached. Since the PL intensity
taining local charge transfer and bond length and bond anglshowed a similar variation with both pressure and Al com-
relaxations. The lattice parameters for the SQS-4 structurgsosition, this suggests that the nonradiative recombination
are chosen to obey Vegard's law and the internal coordinatesenter is not priori related to an increase in Al composition
are fully relaxed in the calculations. in the quaternary alloy, although this is certainly possible. To
Figure 8 shows the variation of tH& X, andL-band gap improve the short wavelengit>~2.20 e\j optical properties
energies from IpsGa, P to Iy sAlo sP. The calculations pre-  of Ing 4 Al,Ga, _)5:P, further study into the nature of the
dict the direct to indirect crossing to occur at an Al mole nonradiative centers in this material system is warranted.
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