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Abstract— The effect of strain on the band structure of However, the design and optimization of these shorter
In.Gay . P-Ing 5Alo 5P multiple quantum wells (MQW's) has \avelength devices is more critical as the expected benefits
been investigated from high-pressure and low-temperature ¢ yhe \glence band modification with strain start to compete
photoluminescence measurements. The biaxial strain in the ih th ff h ise f h in th
wells was varied betweent0.6% compressive to—0.85% tensile With the unwanted effects that arise from changes in the
strain by changing the well compositionz from 0.57 to 0.37. conduction band as the separation between the indirect and
Strain increases the valence band offsets in either tensile or direct conduction band minima is reduced with strain [5].

compressively strained structures. Whereas relatively insensitive Improved laser performance can be realized with a complete
to tensile strain, the valence band offsets showed a strong understanding of the band structure and band alignment
dependence on the magnitude of the compressive strain. Good 9 g

agreement is found between the measured valence band offsetgnodifications which occur with strain.
and those predicted by the model solid theory, except for the In this paper, we present the results of a system-
largest compressively strained MQW's, for which the model atic study on the effect of strain on the electronic band
calculations underestimate the measured valence band offSet. oy, re " of gas-source molecular beam epitaxy (GSMBE)
Strain and the associated variations in composition also modified . ,
the separation among the well states associated with,., L., NeGa—zP-InsAlo;P multiple quantum wells (MQW's)
and X,.. From these results, the bandgaps of each conduction grown on [100] GaAs substrates. The [100] biaxial strain in
band extrema were calculated in In.Ga,—.P for 0.37 < = < 0.57 the well was varied from4-0.6% compressive te-0.85%
and compared with the predictions of the model solid theory. tensile by changing the In compositianfrom 0.57 to 0.37.
Index Terms— Heterojunctions, photoluminescent materials/ The barrier In composition was selected equal to 0.5 because
devices, pressure measurements, quantum wells, semiconductorit provides the largesk bandgap discontinuity with the well
heterojunctions, strain. material and it enhances the effect of the indir&cextrema.
We focus on the analysis of the changes in the valence band
|. INTRODUCTION offsets with strain and also describe the modifications of

HE MAIN goal in the development of visible In- the well electronic structure with strain, both of which are
I GaP-InGaAlP heterostructure lasers has been to redﬁlgéelrtmmed d||re(|:tI:/ ftrhom lth? egpergmetnts. I?gsed F? ? these
the operating wavelength below 630 nm, without a significaf:ﬁ:gg S, we C%C;7a§ ee ei, ronlfc S rucfyre @ ?"”d clr )
deterioration of their output characteristics [1]. Severzg' <z <O y correcting for confinement anc strain
approaches have been used to achieve short-waveler@fﬁc_tsj The results of our expenments are compared with the
operation, of which the incorporation of biaxial strain irPredictions of the model solid theory [6].
the laser active medium has yielded encouraging results'h€ valence band offsets of the strained,Ga—.P—
[2]. The benefits of strain, which are mainly associateffo-sAlo.sP  heterostructures were determined from high-
with the modifications of the valence band structure, haR¥€ssure and low-temperature experiments using the method
resulted in a significant reduction of the threshold currefscribed by Wolfordet al. [7]. The valence band offsets
of InGaP-InGaAlP lasers operating at 633 nm [3], [4fncreased nonlinearly with compressive strain and remained
Similar improvements are expected at shorter wavelengtR§nost unchanged with an increase of tensile strain. This
dependence on strain follows the trend predicted by the model
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hydrostatic and shear components of the strain [9]-[1¥tom conduction band states associated with, L., and
Below z = 0.48, thel';.—L;. and I';.—X;. separation in X;. are shown in [12], and had FWHM of17, ~20, and
In.Ga,_,P are reduced. As a result, we observed a reducties25 meV, respectively. The Stoke’s shift determined from
in the separation of the well states associated with each bahd PL and PLE peak energy difference was1®% meV for
extrema in tensile strained MQW's, to the extent that ithe unstrained and compressively strained MQW's, where the
highly tensile strained MQW'’s, the lowest confined well stat®west conduction band confined statd iike. For the highly
showed arl-like behavior [12]. However, in the compressiveaensile-strained MQW, the PL and PLE peak energy difference
strained MQW's { > 0.48), the wellX. states separate fromwas 40 meV. This large difference arises because the PL and
those associated with;. and we do not see any evidencd’LE transitions originate from states associated uith and
of Li., consistent with the measured increase inlthe-L;. Iy, respectively [12].
andI';.—X;. separation in the bulk [9]-[11]. We next discuss the salient features of the energy-versus-
The unique behavior of thé&', L, and X-like states was pressure diagram of each MQW, starting first with the un-
evidenced in the high pressure and low temperature photolurstirained system as we refer all other band structure modifica-
nescence (PL) data from their pressure rate of chaflédp. tions with strain to this structure. We include for completeness
The I'y., L1, and X, states in the MQW's shifted with the analysis of the results from the unstrained and tensile-
pressure at rates of about 100, 60, arzD meV/GPa, respec- strained MQW'’s that led us to the identification of tHe
tively, characteristic of other Ill-V semiconductor materialband [12]. In Section IlI-B, we show how the valence band
[13]. Upon extrapolating the energy-pressure data of the PEfsets are directly calculated from the energy-versus-pressure
transitions to atmospheric pressure, the electronic structuredata and vary with strain. In Section 1I-C, we calculate the
the MQW'’s was obtained. Further corrections for confinemenonduction band structure of bulk unstrained Ga, P for
and strain effects allowed us to obtain the electronic structe87< =z < 0.57 from the atmospheric pressure values of

of bulk In,.Ga, _,P for In compositions 0.3% z < 0.57. the transition energy of well states associated With, L.,
and X;. by correcting for confinement and strain effects. In
Il. EXPERIMENTAL DETAILS Section I1I-D, we use the model solid theory to calculate the

The In,Ga,_,P-Iny 5Alo ;P MQW’s used in these studiesvalence band offsets of the IGa, _ . P-InAIP heterostructures
were grown by GSMBE on a semi-insulating [100] GaA&nd the conduction band structure of.@g; P with strain
substrate with nominally lattice-matched compositions for tt&nd compare with our experimental results.
barrier. The growth of the WGa,_.P-In ;Aly;P MQW’s
was carried out at 530C at 1.0 um/h, conditions which Ill. RESULTS AND DISCUSSION
produced a disordered random alloy in bulk InGaP samples as )
previously determined by PL, PLE, and transmission electréh Experimental Results
microscopy [14], [15]. Each sample contained a buffer layer of The energy-pressure diagram of unstrainegl 4Gay 5oP—
GaAs 0.5um thick, followed by an lg ;Alg ;P buffer layer Ing;Alq 5P is shown in Fig. 1. The pressure behavior of both
0.035 zm thick, the MQW region, and an {nAlg ;P cap the 50- and 3R MQW's is very similar. Four PL transi-
layer 0.1 um thick. All layers were unintentionally doped.tions were observed, one with a positive pressure coefficient
The MQW's consisted of 50 periods of Fowells and 1504 (dE/dp) and three with negativelE/dp. The labeling of
barriers. The well indium compositianand the corresponding these transitions is consistent with the analysis of [12]. The
strain were selected to be 0.37#{.85%), 0.41 £0.51%), transitions with negativelE/dp, labeled E2, E3, and EA4,
0.48 (0%), 0.5 (0.11%), 0.53 (0.32%), and 0.57 (0.60%)ere associated with recombination frofij. and shifted with
with negative strain corresponding to tensile and positive fwessure at a ratéE/dp ~—20 meV/GPa [10]. Since E3
compressive relative to the GaAs substrate. An additioreahd E4 were observed over the whole pressure range of the
unstrained MQW structure consisting of 50 periods ofA30-experiments, we assigned them to the indirect recombination
wells and 1504 barriers was also grown. Varying the electrorf photoexcited carriers fronX in the well (X;.—1 hh) and
confinement energy with well width and the composition wads the barrier £, — I'®), respectively [12]. E2, however, is
essential for altering the separation among the well states, amdy observed at high pressures after the lowest confined well
thus observed recombination from. [12]. state [';.) becomes resonant witK},. The onset of E2 takes

The PLE measurements were performed at 10 K, wifflace at 1.4 GPa in the 5®—sample and at a lower pressure
the samples mounted in a He-flow cryostat. PLE spectof0.8 GPa in the 3G sample, due to the increase in electron
were obtained from the 5@ unstrained,—0.85% tensile confinement.
and 0.60% compressive strain MQW's. The PLE spectra of The PL transition with a positivel£'/dp, labeled E1 in
these samples showed the presence of several confined staes50A MQW's, shifted at a ratedE/dp = (92 + 3)
above the ground state, indicating the high material qualityeV/GPa, a value typical of d-like behavior [10]. By
of the MQW's. The high-pressure and low-temperature Ptontrast,dE/dp in the 30A MQW was measured to be (60
experiments were conducted using the setup described in [16].5) meV/GPa. This lowerlE/dp transition in the 304
The PL from the MQW'’s was excited using the 458-nm (2.MQW'’s originates from a conduction band state with &n
eV) line of an Art laser with power levels of-5 mW which like behavior [12]. Recombination fronk,., labeled L1, is
correspond to power densities f100 W/cn? at the sample. observed in the 36 MQW's since I';. is shifted above
Typical PL spectra corresponding to transitions originating;. due to the increased electron confinement. Using the
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identical to that of L1 in the 3@ unstrained MQW'’s. In the

Fig. 1. Energy-versus-pressure diagram for the unstrained MQW's with (a) 0 i S it i
50-A and (b) 30A well width. A linear fit to the data yielded the pressure 0.51% strain MQW's it increased at a ratectE/dp (110

coefficient and the atmospheric pressure value of each PL transition. The 5) MeV/GPa to 0.5 GPa and at a slower rae/dp ~ _
pressure behavior of E1 in the 0MQW and that of L1 in the 50 MQW (60 4 5) meV/GPa at higher pressures, as shown by the solid

where these transitions were not observed is shown by the solid line in g’l)]d dash-dotted line of Fig. 2(a). The change in the slope is
and the dash—dotted line in (a). e . . .
indicative of a pressure induced E1-L1 crossover occurring
at 0.5 GPa.

atmospherlc pressure values of L1 and E1 measured in thes it will be shown in Section IlI-C, the atmospheric
30- and 50A MQW'’s, respectively, and accounting for thepressure values of L1 in the0.51% and—0.85% tensile-
changes in carrier confinement with well width, we estimatsgrained MQW's are within 10% of those calculated from the
that L, becomes the lowest conduction band state for well,.-bandgap variation with composition of Bugaskial.[11],
widths of less than 3@\. and by adding the electron and hole confinement energies. It

The energy-pressure diagrams of Fig. 1 also show #@nimportant to mention, however, that in our experiments we
interesting behavior at a pressure close to the onset of EBuld not discern if recombination occurs fraig. or from an
which reveals the importance of state mixing between tlmpurity state associated with; ., a situation that would lead
well I';. and the barrietX}, states. In the 56 MQW, E1 to alarger uncertainty in the determination of thg bandgap.
essentially disappears when E2 becomes the conduction ban@ihe pressure behavior of the different optical transitions
minima. In the 30A MQW, L1 also disappears at the onsebbserved in the+0.32% and-+0.60% compressive strain
of E2, although L1 is still at a lower energy than E2. Thistructures is shown in Fig. 3. The equivalent diagram for
behavior is speculated to be the result of the competitithe +0.11% strain MQW is omitted as it is very similar to
betweenl’;. — L. andI';. — X" transfer processes, the lattethat of the unstrained 58- MQW shown in Fig. 1(a). In
becoming dominant in the % MQW due to increased statethe +0.32% and+0.60% compressively strained samples, the
mixing [17]. lowest energy transition identified as E1 shifted with pressure

The energy-pressure data of th6.51% and-0.85% tensile at a ratelE/dp = (78 + 3) meV/GPa and (7% 3) meV/GPa,
strain MQW’s are shown in Fig. 2(a) and (b), respectivelyespectively, considerably lower than those determined in the
The behavior of the PL transitions is similar to that measureustrained and tensile strained MQW's. In th8.60% sample,
in the unstrained MQW'’s. We identified the indirect E2, E3a weak PL transition (E5) at a higher energy than E1 and
and E4 transitions, which in these samples also shift atshifting at the same rate was also observ&¢ argued before
rate dE/dp ~ —20 meV/GPa. We note, however, that witithat a reduction of about 50% idE/dp was indicative of
increased tensile strain, the E1-E3 separation was reduce@md.-transition, however this is unlikely to be the case, as
the I';. bandgap increased with decreasingpelow 0.48 and in the 50A compressively strained MQW'&, . is predicted
X1 was split and lowered by the built-in [100] biaxial strairfo be at a higher energy with respect Fa. than in the
[5]. The E1-E2 separation was also decreased in the ten§ifgA unstrained MQW's where the E1-L1 crossover is not
structures compared to the B0unstrained MQW's, reflecting observed. The origin of the dependenceléi/dp with strain
the changes in the valence band offsets with strain.

The transition characterized by a pOSitNE/dp shifted at 1E5 is a well transition possibly arising from recombination between the
a rate of (60+ 5) meV/GPa in the-0.85% strain MQW'’s, conduction band ground state and the split-off band.
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offset in the tensile-strained MQW'’s in which the light hole
2.3 E4 (a) band is the top most confined state and of the heavy hole band

I offset in compressively strained MQW'’s in which the heavy
hole is the valence band ground state.

The conduction band offset was calculated from E1 using
the relationshipAE. = I'®.— E1-AEv + el+ Er, wherel'®,
is the direct bandgap energy ofglpAlg 5P, el is the electron
confinement energy, and;&~18 meV) is a correction term
to account for localization and excitonic effects [2I}, was
taken to be equal to 2.6 eV, as determined separately from low-
temperature absorption measurements in a bulk epilayer grown
as a reference in our laboratory. A similar value of the InAIP
direct bandgap has been reported by Peihal. [22], although
it is 0.08 eV lower than that measured by Mowbetyal. [23].
The value of E1 in the-0.85% MQW where this transition
was not observed was taken from the PLE experiments.

In Table I, we have compiled the measurAi&v and AEc

Energy (eV)

Energy (eV)
N N
- N
n\\
]

2.0 and the conduction to valence band offset ratidE¢/AEV)
4 [F0.60 % compressive | for the strained and unstrained MQW's. Increasing tensile
1905 1 15 2 25 3 35 strain appears to increageEv by an amount comparable to
Pressure (GPa) our measurement error which is only12%, and thusAEv

is not very sensitive to the magnitude of the tensile strain
used in our experiments. In compressively strained MQW's,
AEv was found to vary more drastically with straiAEc, on
the other hand, decreases with either tensile or compressive
in the In,Gay,_P—Iny 5Al0.5P MQW's will be discussed in a strain. In spite of its decrease with strain, the electron potential
separate publication. discontinuity remains large in excess of 300 meV. Such a
The energy-pressure diagram of Fig. 3 also showsXhe |arge conduction band discontinuity would be advantageous
like transitions E2, E3, and E4. With increased compressiyg reduce electron thermal leakage, identified as the limiting
strain the E1-E3 separation increased, as Ithe bandgap factor in obtaining short-wavelength operation in InGaP lasers
of In,Ga,_,P is reduced in the In-rich alloys far > 0.48. [2]. However, in the InGa, _,P—In, 5Alo 5P heterostructures,
In spite of this bandgap reduction, the E1-E2 crossover Wigg electron confinement is modified by the presence of the
observed at a pressure of 1.2 GPa in th8.32% strain parrier X states, which provide an additional leakage path
MQW's and at 0.8 GPa in the-0.60% strain MQW's. The [24]. The data of Figs. 2 and 3 show that in the 504QW's
low pressure at which this crossover occurred indicates thag¢reased tensile or compressive strain reduces the E2-E1
most of the bandgap discontinuity has been accommodatedséparation considerably compared to the unstrained structure,

Fig. 3. Energy-versus-pressure diagram for the8)32% and (b}4-0.60%
compressive strain MQW's.

the valence band. reaching values as low as 30 meV for th€®.85% MQW’s
o and 80 meV for the+0.60% MQW'’s.
B. Determination of the Valence Band Offset Comparison of our values oAEC/AEv with those de-

The valence band offset of the heterostructures was dermined in the IpGa —.P-In,/(Ga—yAl,);—.P system for
termined from the difference in the atmospheric pressugémnilar In compositions: shows thatAEC/AEvV is smaller for
values of E4 and E2 and by adding the hole confinemeifle MQW's with ternary barriers than in the case where qua-
energy E, AEv = E4-E2 + E,. E, corresponds to the ternary barriers are used [25], [26]. This behavior indicates that
heavy hole confinement energy in the émnstrained and AEC/AEv varies with barrier Composition in a fashion similar
compressively strained MQW's, and to the light hole in thto that determined by Menest al. [27] in unstrained and 1%
tensile-strained MQW'’s [18] and was calculated using tH#rained InGa_.P-In. (Ga—_,Al,);—, P heterostructures.
finite well approximation [8]. The electron and the heavy hole
effective masses were obtained from a linear interpolation with ,
alloy composition. The light hole effective mass was estimatéd Band Structure of Unstrained Bulk.6a; —.P
from the analytical theory of People and Sputz, which is basedThe relevance of the results discussed above is that, besides
on the Luthinger—-Kohn 6x 6 Hamiltonian [19]. The hole providing a complete characterization of the band structure
effective mass in the barrier material was taken to be equalaond band alignments of the IGa; _.P—Ing 5Alo.5P MQW's,
0.22m,, [20]. AEv was calculated self-consistently by varyingt allows us to infer the conduction band structure of bulk
En until the E4-E2 energy difference equaled the measuredstrained InGa _,P as a function of composition. We can
value. The error ilAEv was determined by taking into accountalculate thel’y., L., and X;. bandgaps from the atmo-
the uncertainty in the E4 and E2 peak energies and thatspheric pressure values of E1, L1, and E3 by correcting for
the localization and excitonic energy associated with thesenfinement and strain effects. The electron and hole con-
transitions.AEv is a measure of the light hole valence banfinement energies were calculated with the envelope function
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TABLE |
CONDUCTION AND VALENCE BAND OFFSETS AND OFFSET RATIO OF In,Gay— . Pl 5Alg 5P MQW's
strain -0.85% -0.51% 0 +0.11% +0.32% +0.60%
composition x=.37 x=.41 x=.48 x=.50 x=.53 x=.57
(AE, +.03) eV 0.27 0.25 0.2 0.21 0.26 0.36
(exp)
(AE, £.03) eV 0.30 0.35 0.44 0.44 0.40 0.35
(exp)
AE:AE, 53:47 56:44 69:31 67:33 60:40 49:51

approach [8] using the measured band offsets and taking into o.s
account the variation of the electron and hole effective mass

with strain. The hydrostatic and shear strain energy shifts of the 0.4 |-
valence and conduction band extrema were calculated using_
values of the hydrostatic and shear deformation potentials> 0.3
interpolated from the binary constituents taken from [6]. We

ignored the electron confinement energy of L1 and E3 sinceg 0.2 -
they are small, due to the large effective mass of thgand 3
Xi. extrema, respectively. 0.1

We have plotted in Fig. 4 thd';.—L;. and I';.—X1.
separation determined from our experiments and that predicte 0
by Bugaskiet al. [11]. Fig. 4 shows thatL,. becomes

Ettergy Difference

the conduction band minima around~0.33 and that for 0.1

rz < 0.3Xy. is the conduction band minima. Increasing

the In compositionz above 0.48 increases thE;.—X;. -0.2 ‘ : ‘ :
separation. A similar behavior is expected for.; however, 0.2 0.3 x inol'#xGaLxP 08 06

the behavior was not identifiable from the experiments as 4 Tr 5 andTe—X.. separation as a function of composition for
the E1-L1 transition was preceded by E1-E2 which occurrgﬁstrameéjaé;_7 P 'll'chel"i—L?r andT';.—X:. separations oo

at lower pressures for: > 0.48. Similar values for the from the experiment are shown by the solid diamonds and circles, respectively.
I'i—Li. andI';.—X;, crossover composmons had been alshe solid lines are the predictions of the band structure calculations of [11].
determined from Hall measurements at high pressure [28] and

piezomodulated reflectance measurements in bulle&_.P (1 )2 [10], [11], and for I ;Alo ;P,I'?, = 2.60+ 0.03 eV.
alloys [9]. The agreement of our data and that of the banthe values of the elastic constants and deformation potentials
structure calculations of [10] is remarkable, ConSidering thﬂfr the binary Compounds InP, GaP, and AIP were those given
the determination of our bandgaps involves the use of paraj-[6]. For the absolute energy level, ... needed in the
eters such as the hydrostatic and shear deformation potentiglgdel solid theory, values of8.04, _7. 6, and—7.74 eV
which have not been directly measured for,®® _.P and were used for InP, GaP, and AIP, respectively. These values
were interpolated from the binary constituents. However, Wgrrespond to the values given by Van de Walle [6] after a
find that our measureb; . bandgap is approximately 60 meVsjight adjustment for GaP and AIP to bring the theoretical
smaller than that predicted by Bugasii al. [11] and also values of AEv into agreement with previously measured
reported by Merleet al. [9]. Of the 60-meV difference betweenvalues for unstrained GaAs—InGaP [29] and InGaP—InAIP [16]
our I';. values and those of Merlet al., ~20 meV can be heterojunctions. In InGaP, the spin-orbit split-off eneryy,
accounted for by the localization energy, and the rest is likeily small and thus the coupling of the spin-orbit and light hole
to arise from differences between the solution growth methgédlence bands can be significant. The valence band coupling
employed by Merleet al. [9] and the GSMBE used in this was taken into account by using a Luttinger—Kobnx 6

work. Hamiltonian for a strained semiconductor [30]. The calculated
, . transition energies from the conduction band to the heavy hole
D. Comparisons to the Model Solid Theory band I’y — [1uy, and to the light hole band'i. — Ty

The bandgap energies and valence band offset energiesféorinGaP alloys coherently strained to GaAs, along with the
the In,Ga _.P—Iny 5Alo 5P heterostructure were calculated abandgap energy for unstrained bulk,®a _,.P, are shown
a function of coherent strain in the I&a, _.P layer using the in Fig. 5(a). Also plotted in this figure are the dependence
model solid theory of Van de Walle [7]. For the unstraiigd with strain of the singletX7, and doubletX;Y bandgaps
bandgaps at low temperature, the compositional dependencefothe strained IpGa;_,.P alloys. Our experimentdl;. and
In,Ga P was taken to bE;.(z) =1.41+0.73(—z) + 0.7 X;. bandgaps shown by the solid circles and diamonds,
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Fig. 6. Interband transition energies fer0.85, 0, and+40.6% strained
(b) Unstrained In;Ga —P-InNAIP MQW's. The solid circles are the transition energies
1.7 ! L \ . ! L determined from PLE experiments. The heavy and light hole transition
0.35 0.4 0.45 0.5 0.55 0.6 0.65 energies calculated with the values of the band offsets from this paper
x in In.Ga, .P are represented by the thick solid and dotted lines, respectively, and those
X=X predicted by the model solid theory are represented by the thin solid and
0.5 035 040 045 050 0.55 dotted lines, respectively.
- Model Solid Theory (b)

the biaxially strained IpGa, . P—Iry 5Alg.5sP MQW's [8] and

Experiment ‘

compared them with the results of the PLE measurements. This
is shown in Fig. 6. Focusing on the higher energy transitions
that are more sensitive to changes in the band offsets, we find
that for the tensile-strained MQW'’s both our measured and the
predicted band offsets can be used to estimate the transitions.
For the +0.60% compressively strained MQW'’s, where our

- = band offsets are 50% larger than those predicted by the model
solid theory, we find that transition energies calculated using
our value of the heavy hole band offset provides a slightly
better fit to the data. However, a more extensive comparison
on the differences between our band offsets and those predicted
by the model solid theory requires the fitting of PLE interband

transition energies obtained in MQW'’s with fixed strain and
Fig. 5. Comparison of the measured {&). and X;. bandgaps and (b) y,griable well width.
valence band offsets of strained.@a —.P, with the predictions of the
model solid theory. In (a), the circles are the experimeihtal bandgap
obtained by subtracting the electron and hole confinement energy from
the atmospheric pressure value of E1. The diamonds are the measured . .
X1 bandgap obtained from the atmospheric pressure value of E3 and by\We have studied the changes in the band structure of

s#btracftinghthlie holte confine(:jnljentrenergg. Tge predictiorr:s of Lhe rr]no((;iel sdigl, Ga, _,P—Ing sAl g 5P MQW's with strain. Strain modi-
;nedordyasohr—tdgttela Iir:gg,hrggpeclt?veI;T']%ﬁéfnaggggf?ri:ngganpsycglfulfiggdﬂgd th_e valence_ band offsets, \_Nh'Ch Were _found to increase
from the unstrained value of ;. using a deformation potential of 7 eV areWith either tensile or compressive strain with respect to the
represented by the dashed and dash-dotted lines, respectively. unstrained value. The valence band offsets were relatively
insensitive to an increase of tensile strain, while they increased
respectively, closely follows the trend predicted by the modedonlinearly with compressive strain. The trend in the valence
The valence band offset energies at the.Gm _,P— band offset with strain was predicted by the model solid theory.
Ing.sAlg.5P interface as a function of calculated with the While in good agreement with our results for the tensile and
model solid theory are shown in Fig. 5(b). The increase afioderately compressively strained heterostructures, the model
the heavy hole valence band offsé&iEvhh with = is due underestimated the strain dependence of the valence band
to a decrease of thé';.-bandgap. The light hole valenceoffset in the highest compressively strained structures. The
band offsetAEvlh, on the other hand, is almost constarttand offset changes with strain are accompanied by changes
with z because the spin-orbit coupling increas®Evlh in in the relative position of the well conduction band states,
tensile strain. The experimental values of the valence basdch that in narrow unstrained and highly tensile-strained
offsets have also been plotted in Fig. 5(b) for comparisoMQW's the well ground state is associated with.. From
The general trend of the experimental results agrees witie simultaneous identification of MQW states associated with
the model, however, we find that the model underestimatBsg., L., andX;., the band structure of unstrained.®a, _,.P
AEvhh for the highly compressively strained structures.  with 0.37 < z < 0.57 was determined by correcting for
To estimate how significant the differences between tlenfinement and strain effects. In bulk unstrainegQe, _,.P,
measured band offsets and those predicted by the moHel was identified as the conduction band minima up to an In
solid theory are, we calculated the confined energy levels égompositionz ~ 0.33, at whichL,. becomes the conduction

0.2 -

Valence Band Offset Energy (eV)

-10 -5 0 3
In Plane Strain g x10~

IV. CONCLUSION
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band minima. Thd'{.—L;. crossover was followed by that of [24] C. S. Menoni, O. Buccafusca, M. C. Marconi, D. Patel, J. J. Rocca, G. Y.
L.—X,. which occurred atr ~0.3.
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