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Low- and room-temperature optical absorption spectra are presented for a series,&f InAsP strained-
layer multiple quantum well structurg®.11 <x<0.35 grown by low-pressure metal-organic vapor phase
epitaxy using trimethylindium, tertiarybutylarsine, and phosphine as precursors. The well widths and compo-
sitions in these structures are exactly determined from the use of both high-resolution x-ray diffraction and
transmission electron microscopy on the same samples. The absorption spectra are then analyzed by self-
consistently fitting, for the five samples, the excitonic peak energy positions with transition energies deter-
mined from a solution to the Schiimger equation in the envelope function formalism using the well-known
Bastard/Marzin mod€lJ. Y. Marzinet al, in Semiconductors and Semimetasited by Thomas P. Pearsall,
(Academic, New York, 1990 Vol. 32, p. 56. From these self-consistent fits, both the bowing parameter of
bulk unstrained InAgP,_, and the band offsets of the heterostructures are deduced self-consistently. The
conduction-band offsets thus determined represent=78% of the total strained band-gap differences at both
low (liquid He) and room temperatures. These values of the band offsets are consistent with the predictions of
the quantum dipole mod¢l. Tersoff, Phys. Rev. B0, 4874(1984)]. The values determined for the bowing
parameters are found to differ slightly between @:0001 eV at low temperature and 0:£2.01 eV at room
temperature.

INTRODUCTION tion. These fits rely on the structural parameters—well thick-
ness, alloy composition, and strain—and other material
InAs,P; _,/InP strained-layer multiple quantum well parameters—band gap, elastic coefficients, effective masses,
structures(SLMQW) are of increasing practical interest, as etc.—taken from the literature. Aside from the band gap, the
they are predicted to have the optimal valence-band structut@As,P; _, alloy material parameters are determined from a
for strained-layer quantum well lasers operating in the 1.3-simple linear interpolation between the widely used values of
1.55.um wavelengths;> as well as being considered for ap- the related binaries InP and InAs. The lII-V ternary alloy
plications in high-speed devices. In particular, opticalband gap has a parabolic dependence on the composition, the
modulator§ 8 and strained-layer quantum well las&l¥ coefficientc of which is called the bowing parameter. For
have been demonstrated in this system. Of primary imporinAs,P, _,, ¢ is not well established. For example, literature
tance in the design of quantum well devices based on thesalues quoted vary between 0.09Ref. 15 and 0.36 eV
structures are the structural confrti and material param- (Ref. 16 at liquid-He temperatures with similar variations
eters, such as band gap and band off$éfwhich represent reported at room temperatut@.
the basis of band-gap engineering. In this paper, we present a structural characterization of
The band offsets are usually deduced from a theoretical fitive InAsP;_,/InP SLMQW structures, grown by low-
to experimental optical transitions measured by photolumipressure metal-organic vapor phase epitéxly-MOVPE).
nescence, photoluminescence excitation, or optical absorgthe sample structures are determined using both high-
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TABLE I. Structural and optical properties of the InA&% _,/InP SLMQW samplesL , andLg refer to the well and barrier thickness in
A, as determined from TEM and HRXRDE . is the conduction-band offset as described in Fig. 5, as a percentage of the strained structures

band-gap difference€yy andEy, are the heavy-hole and light-hole excitonic binding energies, respectivelypBa@D) is the band
offset calculated using the quantum dipole model.

T=8K T=300 K

Description X (%As) SEc*3% OSEc+5 Eyy Eyx. OSEc*3% OSEc*5 Eyxy Eyx. SEc (QD)
Sample No.  La/LgXNo. QW *0.5% (%5Eg) (meV) (meV) (meV) (%SE;) (meV) (meV) (meV) (meV)

InAs,P; ,53  68/304<10 11.0 72 78 7 5 72 79 6 80
InAs,P; ,51  73/321X10 17.7 75 131 7 4 78 136 6 4 128
INAs,P; ,59  55/240<10 19.5 72 138 7 4 75 144 12 141
InAs,P; 54  73/321X10 26.5 78 202 4 2 79 205 3 2 190
InAs,P; _,58 42/23%5 35.0 75 256 4 1 78 261 11 4 251

resolution x-ray-diffraction(HRXRD) measurements and HRXRD measurements and theoretical fits. Symme&aaz)
transmission electron microscopfTEM) observations to rocking curves were carried out on a Philips high-resolution
validate the fits to the HRXRD, with the dynamical diffrac- five-crystal diffractometer, using the G« radiation with
tion theory. Even though low-temperature optical measurethe monochromator aligned in its @20 settings’? These
ments are clearer and allow a better understanding of theocking curves are then analyzed using a computer simula-
underlying physics, devices are normally expected to operatgon program developed by Fewster based on the dynamical
near room temperature. Therefore, both lo@ K) and diffraction theory”® Figure 1 shows a typicdl HRXRD
room-temperature optical-absorption measurements are preurve along with the fitbottom shifted ling for sample No.
sented for the five samples, which are seen to exhibit well51. On such curves, the displacement of the first-order dif-
resolved excitonic transitions at both temperatures. The ograction peak from the maifsubstratg peak depends on the
tical transitions are fitted with a solution to the Sdlirger  average perpendicular lattice parameter caused by the tetrag-
equation in the envelope function formalism, using the well-onal distortion of the strained-multilayer structure. This dis-
known Bastard/Marzin modél:*® To overcome the limita- torted lattice parameter depends on both the [RAs, well
tions set by the unknown bowing parameter, the five samplesomposition and the relative thicknesses of the
are fitted in a self-consistent manf@rFollowing Zhao InAsP;_,/InP double layer. Two free parameters are then
et al,'® the temperature dependence of the strain effects haveft in the fit. In principle, one can eliminate one of these
been included in the model by using the values of the latticepparameters by using the growth conditions if the growth rate
parameters tabulated by Sirota and collaboratdrs. of one of the layers is known accurately. This procedure,
however, is sensitive to experimental variations in the growth
rates, which may arise between different growth runs. We

GROWTH AND STRUCTURAL CHARACTERIZATION have chosen instead to determine the relative growth rates of

The SLMQW samples are grown in a horizontal cold-wall
guartz reactor with a graphite susceptor equipped with a fast
switching run-vent manifold with minimized dead volume. 10*
The gas switching is computer controlled and the interrup-
tion sequence has been optimized as described in previous§ 10°
publications>'! The growth is carried out on Fe- and
S-doped InFO01) substrates, using trimethylindiugTMin)

s/s)

experimental

2
as the group-lll precursor and phosphiirH;) and tertiary- 10
butylarsine (TBAs) as group-V sources. The samples are |
grown at 600 °C and 40-Torr pressure, using Pd-purifigd H 10

reflectivity (phot

as carrier gas with a total flow rate of 3000 SCGd&notes

cubic centimeter per minute at S)I'ih the reactor. These

growth conditions give samples with excellent surface mor-

phologies as no defects are observed at a magnification ofg 107!

1000x, using Nomarski optical microscopy. =
Each sample consists of a 7000-A InP buffer layer fol-
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—

lowed by a 5-10 period InA®;_,/InP SLMQW structure 10” . L . A

and is capped with a 1200-A InP layer. The thicknesses of 30.5 31.0 31.5 32.0 32.5

the wells vary between 42 and 73 A, with alloy compositions 8 (°)

0.11=x=<0.35. The barrier thicknesses and number of peri-

ods are chosen so that the Matthews and Blak&steiical FIG. 1. HRXRD (004 reflection and fit with the dynamical
thickness is never exceeded. The sample structures are Suiffraction theory assuming perfectly abrupt interfaces for sample
marized in Table I. No. 51. The theoretical curve has been shifted down by 100

The sample structures are determined from both TEM an@hotons/s for clarity.
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FIG. 2. Cross-sectional TEM bright-fiellg=002 image of

sample No. 51.

. FIG. 3. Low-temperature optical-absorption data for the five
the InAsP,_, and InP layers in the same growth run by sample set showing the fitshort arrows with the envelope func-

using TEM measurements. tion model. The labels are explained in the text.
Samples with(110 surface normals were prepared for

cross-sectional TEM by conventional mechanical grindingzng collaborators’1826 In Marzin’s version of the Bastard

followed by low-angle(4°) argon-ion milling at 5 keV in a mogdel, the perturbation due to the strain, along with the per-
Gatan precision ion polishing system. The ion energy isyrpations due to band coupling and the superlattice potential
gradually reduced to 2.5 keV during the last stages of thinyiong thez direction, are included directly in the initial
hing to minimize sample damage. Figure 2 shows a TEMyamijltonian. This leads to anx8 matrix secular equation
bright-field (g=002) image of sample No. 5isee note 24 \yhich has, for each band, solutions of the Kronig-Penney
below). The double-layer thickness agrees with the one defym17.18.26\yhen the continuity of the wave functions and
duced from HRXRD within the TEM accuracy. TEM obser- iopapility currents are imposed at the interfaces between the
vations were performed on all samples and show that thge|is (A materia) and barriersB materia):

structures are free of dislocations and have clearly defined

and parallel quantum wells. These observations also verifie _

that the growth rates of both the In&%_, and InP layers osi(Ly+ Lo) = coKuLacostials

are the same fox up to 0.35 as is expected for mass trans- 1/_ 1)\ )

port limited LP-MOVPE growth. This allows the elimination ~ 5 | W= Z|SinKaLasintKgl g, (1)

of one of the free parameters—relative thicknesses of the

InAs,P; _,/InP double layer—of the HRXRD fits. whereL , and Lg refer to the well and barrier thicknesses,

when perfectly abrupt interfaces between the IiAs,

guantum wells and InP barriers are assumed. The HRXRD
fits were performed on all samples and gave the structural
parameters recorded in Table I. It can be observed from Fig.
1 that the experimental higher-order satellite peaks are less
intense and slightly larger than those predicted by the dy-
namical theory. This may indicate that the interfaces are not
perfectly abrupt.

OPTICAL ABSORPTION

Optical-absorption measurements were performed at 8 K
in a He flow cryostat and at room temperature using a
Bomem DA3 Fourier transform infrared spectrometer
(FTIR). Figures 3 and 4 show the optical-absorption spectra
for the five samples at low and room temperatures, respec- . .
tively. At low temperature, each sample shows at least two 1.1 12 1.3
well-resolved excitonic peaks, whereas at room temperature, E (eV)
at least one optical transition is always observed. The energy
positions of the absorption peaks are adjusted with a solution FIG. 4. Room-temperature optical-absorption data for the five
to the Schrdinger equation in the envelope function formal- sample set showing the fitshort arrows with the envelope func-
ism based on Karfé bands developed by Bastard, Marzin, tion model. The labels are explained in the text.

Normalized Absorption
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TABLE II. Low- and room-temperature physical constants for In Egs.(1)—(4), the energy origin is taken at the bottom of

the InP and InAs binary compounds. the unstrainedquantum well conduction ban¥g is the band
offset between theinstrained AandB layers,# is Planck’s
InP InAs constant, A, g is the spin-orbit splitting, andP? is the

material-dependent Kane matrix element, the values of
which are given in Table II for the InP and InAs binary
Cy; (X10t dyn/en?)  10.8 10.8 8.3 8.0 compounds. For thé and B materials, the strained heavy-
Cyp (X10% dyn/cn?)  6.08  58F 453  4.4PP hole and light-hole band gapEL;® andE[}?, respectively,

Parameter T=8K T=300K T=8K T=300K

a (eV) -8 -8 -6 —6° are given as corrections to thwstrainedband gapE S'B by
b (eV) -158% -—158% 1.8 —1.8 the usual Pikus and Bir HamiltonianZs
m?/my 0.07¢ 0079 0.02% 0.02% AB  AB
M/ Mo 069 068  04P  04P aB_oap(C1i —Cl2 | ap
5EH = 28. AB & y
mit/mg 012 012 0028 0.02% cy
A (eV) 0.108 0.108 0.3 0.38 s A
Ep=2moP? (eV) 17 17 21.1F  21.1F SEAB_pAB Cii 2C13°) ,p
ap (A) 5.8658 5.868% 6.053¢ 6.0579 S CAP &
Eg (eV) 14236 135 0418  0.3€

AB_ =AB AB_ ocAB
aReference 17. Ehiy =Eg "~ + 0BG~ —0Eg”,

bReference 14.

AB_ AB AB AB
°Reference 16. Ely =Eg ™+ 0By~ + S[OESP+ApE]

dReference 18. - %[Ai’B_ 25EQ’BAA,B+ 9( 5E'§’B)2] vz (5)
E and the energytand material dependent effective mass Where
Myg b
A, DY s agub_ aé,B ©
= — andw= . (2)
2Map KgMa is the biaxial strain induced by the mismatch between the

h%Jbstrate with a lattice parame@“ID and the lattice param-
eteragy® of the A or B layers. This strain varies between
—0.35%(x=0.11) and —1.1% (x=0.35 for the five sample
E— SEAV(E+EA—LSEAYE+EA+A L) — L( SEA)? set. The hydrostatic and shear deformation potentil$

( WL g~ 29Es)( gt Aa) 7 2(0ES)] andb”B in Eq. (5), are assumed to be independent of tem-
perature, while the elastic stiffness constar®;® and

C 1B, are temperature dependéht®?°Aside from the band
gap, the materials parameters for the IpAs , ternary al-
loys are linearly interpolated between those of the InP and
E—Ve— SEBV(E—VetEB— L SEB)(E—Ve+EB+A InAs binaries summarized in Table Il. The In&%_, re-

( s~ B stEq~29Es)( stEqtle) laxed band gap is given by

The energy and effective mass in each layer depend on t
strain and are coupled by the dispersion relatior§:?

=#h?KZPE+EL+3A,—35ES] (3)

and

1 B\271_ 2K 2p2 B, 2 5 B
—35(8EQ)?]|=h"°KgPE—-VgtE;+5A5—36ES]. (4)

where the bowing parameteris not known in general and
may be temperature dependent. The relationships between
the strained band-gap offséE, Vs and the various param-
eters of Eqs(3)—(6) are shown schematically in Fig. 5. In
our case, thé layer, InP, is unstrained as it corresponds to
the substrate and simplifies the band structure with
SEEB=6EE=0.
BB EﬁH A A For a givenc, the results of the structural characterization
LH Eg allows the calculation of Eq$5) and(6). With a given value
of the band offseE [or actuallyVs in Eq. (4)], the energy
is varied from the bottom to the top of the quantum wells
corresponding to the conduction, light-hole, and heavy-hole
s bands. For each energy value, E(®—(4) are solved and
Ittt the values ofw, K,, andKy are introduced into Eq(1),
which yields a series af roots corresponding to thequan-
tized levels in the conduction band and light-hole bands.
FIG. 5. Band structure of the InAB, _,/InP SLMQW structures ~ Since the heavy-hole band is decoupled from the other three
showing the relationships between the different parameters used Ipands, its effective mass is energy independent and only Egs.
the envelope function model. (1) and(2) need to be solved. The split-off band is neglected,
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tions as the most significant, one determinewiadow for
J0Ec. In the case of the low-temperature data of sample No.
EZ/ 51 with ¢=0.10 eV, SE=75%+3% of the strained band-
eZh/ gap difference yields acceptable valuesEfy, and Ey, .
#3 This procedure is used on all samples at both low and room
135 F temperatures. The values &, Ey,, andEy, are reported
/elhl/-'\ in Table I. Assuming that the quadratic relationship of the
#2 //_\Eu band gap with the alloy composition[Eq. (7)] holds for all
compositions studied, it is imperative that all samples be
fitted with the same at a given temperature. With this re-
1.30 1 striction, ¢ was kept as a free parameter for the five sample
set The energy transitions predicted by the model are super-
Ej imposed on the spectra of Figs. 3 and 4 by short arrows.
Acceptable self-consistent fits were possible at low tempera-
togla L bt L1l ture for 0.08<c<0.11 eV and at room temperature for
0 10 20 30 40 50 60 70 80 90 0.11=c=<0.13 eV, but the extreme values had to be fitted
3B (% of strained band gap difference) with slightly different band offsets. The quoted uncertainties
in 6Ec are given forc=0.10 and 0.12 at low and room
FIG. 6. lllustration of the fitting procedure used for sample No.temperatures, respective(ifable ). In addition to the al-
51 at low temperature. The horizontal lines labeled # 1-4 correlowed transitions, the low-temperature spectra show addi-
spond to the experimentally observed optical transitions peaks. Thigonal peaks, which are labelg@d) and (b) in Fig. 3. The
energy-dependent lines correspond to various allowed and forbicspectrum of sample No. 53 is particularly rich with other
den transitions, as predicted by the Marzin/Bastard model when thgdditional peakgunlabeled below the mainE,, transition

excitonic effects are neglected. This figure clearly shows that th¢yeak and an elongated shoulder precedingBhepeak and
best fit is obtained fobE.=75% of the strained band-gap differ- |apeled(a).

ence.

1.40 Sample #51
#4

E transition (eV)

. . . . DISCUSSION
as it would lead to transitions at much higher energies. Al-

lowed optical transitions are those for whidn is even, Preliminary results on the low-temperature spectra have
while those for whichAn=0 will give rise to the more in- already been presentétiAt the time, the spectra were fitted
tense transition® Moreover, for a type-I band alignment, with a simpler Bastard model, developed for unstrained sys-
the transitions between tmh quantized levels in the heavy- tems, in which the effects of strain were introduced by a
hole and conduction banddabeled E,,;,) are three times simple modification of the band gaps with the Hamiltonian
more intense than those between tiike quantized levels in  of Pikus and Bif’ [Egs.(5) and(6)]. This model allowed the
the light-hole and conduction bandabeledE,,).18 correct assignment of the main transition peaks and gave
For a givenc value, the fitting procedure consists in solv- acceptable values foE. However, for higher As content
ing Egs.(1)—(7) with the band offse®E as the fitting pa- in the InAs,P; _, alloys, it was found that the excitonic bind-
rameter, which is varied between 04to offset between the ing energies were unacceptable as the light-hole excitons had
conduction bandsand 90% of the strained band-gap differ- a higher energy than the heavy-hole excitbhSince the
encedat which point the light-hole band has changed from acorrect band alignment occurs when the light-hole band ap-
type-l to a type-Il alignment Figure 6 illustrates the proce- proaches a type-l to type-ll transition, one should expect
dure for the low-temperature data of sample No. 51, wher¢hese excitons to be weakly localized and thus give rise to
the experimentally determined optical transitigh®s. 1-4  weak binding energies. The present model, with the effects
correspond to the four peaks visible on Fig.aBe compared of strain accounted for in the initial Hamiltonian improves
to various allowed transitions—and one forbiddenthis aspect as is evident from Table I. Moreover, the relative
transition—predicted by the model with the excitonic bind- intensity of the light-hole and heavy-hole transitions elimi-
ing energies neglected. Note that no light-hole related trannate the possibility of a type-Il alignment for the light-hole
sitions are predicted fofE. above 78% and no experimen- bands, since the transition matrix elements would be very
tal e1h3 predicted transitionfetween than=3 heavy-hole weak if the electrons and light holes were actually spatially
and then=1 electronic levelsfor SE. above 70% are ob- separated in adjacent layer materidls.
served. This effectively sets lower and higher limits on the In Ref. 13, we have suggested possibilities for some of the
possible values thalE can take. This fitting procedure al- observed additional peaks in the low-temperature spectra.
lows the identification of the optical transitions and a mea-These peaks are labeléd and(b) in Fig. 3 and were attrib-
sure of the excitonic binding energies defined here as thated to forbidden transitionga) between then=2 heavy-
energy difference between the predicted and measured optiole quantized level and the=1 electronic level(labeled
cal transitions. Due to the differences in effective massese1h2) and (b) between then=1 heavy-hole level and the
heavy-hole excitongyy, in bulk InAs,P; _, should have a n=2 electronic level ¢2h1). We had argued then that such
binding energy about 1.5 times larger than the light-hole extransitions might be possible, since the strain effects may
citons Ey, , according to the simple hydrogenic model. In relax the selection rules. Moreover, the model used then pre-
practice, one can expect binding energies between the bullicted transitions very close to those observed experimen-
values (3—6 meVj and about 10 meV for the heavy-hole tally. The present model does not predict these transitions at
excitons. With this criteria, and retaining the first two transi- exactly the same energies and casts some insight on the pre-
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vious assignment. The transition labelgjlis only observed

in sample No. 53, which also shows two weaker transitions 250 L = 8K 2
below theE,;, peak. These peaks are not clearly understood - e 300K
at present, but could be attributed to interface stdtde 225 |- .
peak labeleda) can then be attributed to either the same i M 7
effect or, as in Ref. 13, to arlh2 forbidden transition. _.200F ]
According to Bastard® such a transition would only be pos- % 175 i
sible for highly asymmetric quantum wells and has probably E : ;
never been experimentally observed in symmetric quantum  , 150 |- -
wells. Thus, a definite assignment of this peak is still highly ﬁ [ 1
speculative at this point. 125 ]
The low-temperature spectra of samples Nos. 51 and 54 100 i i
show the presence of higher-level transitids and possi- | .
bly one extra transition labele@) in Fig. 3 attributed to an 75 F -
e2h1 forbidden transition. Figure 3 shows that sample No. w 15 20 25 30 35

51 is very well fitted with this assignment. Here again, how-
ever, to our knowledge, such transitions have never been
observed in the past and should not be observed for symmet-
ric quantum wells. In addition, such an assignment implies1n
the washing out of th&,,, transition in sample No. 54. A
more likely scenario for No. 54 is that the third experimental
peak is in fact due to th&,, transition, but that the model
fails to reproduce it. Many reasons could then be invoked forlloy. The low-(H) and room-(®) temperature values are
such a failure. For one, the second quantized levels penetra@most superimposed on each other and should be considered
deeper into the barrier regions and, therefore, feel more efdentical within the uncertainties, due to the fitting procedure
fects from the interfaces. This is corroborated by the fact thagnd experimental errors. To date, the best theoretical treat-
the Kronig-Penney model, known to fail for a large wave-ment of the band offsets in semiconductor heterojunctions is
function penetration into the barriers, predictsig transi-  the quantum dipole model developed by TersBffhe cen-

tion 13 meV above the one predicted by the Bastard/Marzidr@l idea of this model is that there exists a band offset de-
model. pendent dipole at the interface between two semiconductors,

The analysis of the room-temperature spectra is both morgue to quantum-mechanical tunneling. The two semiconduc-

; L tars will tend to align in order to cancel this dipole. Tersoff
straightforward, as no additional peaks_are observed beyon{ﬁus introduces angeffective midgap enetﬂywhpi)ch corre-
the allowed transitions, and less precise as less peaks a

observed. The five sample set was also self-consistently fi _Sonds o the energy at which the wave functions of gap

ted with the model using 0.Hc=<0.13 eV by varying the tates change from a primarily valence like to a primarily

S conductionlike character. For a given materia}, is calcu-
6Ec . The best fit, withc=0.12 eV, gavedEc=75%+3% Of  |5464 ysing a Green’s function approach, which sums all the

the strainedband-gap differences between the well and bara, state wave functions taking into account their valence-
rier materials. The fitted energy transitions are shoyvn a%ike and conductionlike character. This approach yiekgs
short arrows above the experimental transition peaks in Figyalues of 0.50 eV and 0.76 eV for InAs and InP, respectively,
4. The deduced excitonic binding energies are summarized iyhereEjy is measured from the valence-band maximum. To
Table | alongside the low-temperature data. The fits of theorrectly extend this model to InAB; _, alloys, one should,
main transitions for the room-temperature data do not givén principle, calculate the value dEg using the Green’s
excitonic binding energies as consistent as those at low tenfunction approach. As a first approximation, however, it is
perature. This is probably due to the increased width of thesufficient to determineEg from a linear interpolation be-
optical transitions, which originates partly from thermal tween the values of the InAs and InP binaries. The straight
broadening, but possibly also from absorption by interfacdine fit in Fig. 7 shows the perfect agreement between the
states. If such states are present, as we are suggesting for Npiantum dipole model and th#E . determined from the fit
53's small peaks below the main transition at I@wthen at ~ of the Marzin/Bastard model to the optical-absorption spec-
room temperature, these peaks would be convoluted into théa. The SE¢ values predicted from the quantum dipole are
main transition peak giving rise to a bias in the measuredeported in Table | for each sample. The agreement is such,
energy position. Since not all samples may exhibit thesdhat we find it important to note that the quantum dipole

states, the self-consistent fitting procedure will also suffec@lculations were donefter the optical spectra had been

from the bias and the spectra will be more difficult to fit. fitted with the Marzin/Bastard model and did not, therefore,

This difficulty, then, reflects itself in the seemingly random !nflgence our interpretation O.f the optical dat"?l' These results
variations in the deduced excitonic binding energies. How—Indlcate that t_he quantum d|po|_e m(_)delz which wqus well
ever, the fitted absolute values 6E. remain at almost ex- for other semiconductor heterojunctiotfsis also valid for

actly the same value as at low temperature, while the overall® INASPL-,/INP system.

type-l band alignment is preserved and the light-hole band
remains very close to a type-Il alignment.

Figure 7 shows the linear relationship 6E. (absolute High structural quality SLMQW structures, as assessed by
value in meV with the As concentration of the InAB, ,  TEM and HRXRD, were grown by LP-MOVPE. In addition

% As in InAsP

FIG. 7. Dependence ofEc (in meV) on the As content of the
As, P, _, alloy quantum wells. Both the lowd) and room-(®)
temperature data are superimposed. The full line is generated using
the quantum dipole model, as described in the text.

CONCLUSION



1996 M. BEAUDOIN et al. 53

to providing direct evidence of well-defined quantum wellsInAs,P; _, alloy quantum wells. The best self-consistent fits
and barriers, with abrupt interfaces, the TEM results als@are obtained with bowing parametars0.10+0.01 eV at 8
show that the growth rates of the In&%_, ternary alloy is K and 0.12£0.01 eV at 300 K. At both temperatures, the
the same as that of the InP binary compound, as is expectdwitavy-hole band offsets are clearly type I. The light-hole
for mass transport limited growth. These TEM results theroffsets are also type |, but the best fit to the absorption data
allow the elimination of the free parameters in the fits of theis obtained when the band alignment approaches a type-I to
HRXRD patterns with the dynamical diffraction theory. The type-Il transition. Finally, it is found that the quantum dipole
TEM and HRXRD analyses taken together, therefore, allowtheory of band offsets is in perfect agreement with the ex-
a very precise determination of both the quantum well ancgerimentally determined band offsets, thus indicating the va-
barrier thicknesses and the Inf&%_, alloy compositions. lidity of this model for InAgP;_,/InP heterojunctions.
This information is extremely important in the further analy-
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