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Photoluminescence, measured as a function of hydrostatic pressure, has been used to determine the band
offsets of two tensile-strained Gia;_,P-(Al ,Ga,_y) 5dno.4 quantum-well structures. Unlike other tech-
nigues commonly used to determine band offsets, this method has the advantage that a detailed knowledge of
the material parameters is not required. Conduction-band offsetsABf=(0.79+ O.O7)AEEH and
AE.=(0.74+0.10)AEZ", where AER" is the total heavy-hole-related band-gap discontinuity, are obtained
for structures having strains af0.56 and+0.71% and barrier Al compositions of 0.7 and 0.55, respectively.
Alternatively the band offsets expressed in terms of the light-hole band-gap discontinuit Ere
AEH'=0.70:0.30 and 0.61:0.3¢corresponding to absolute light-hole valence-band offsetsA&k
=(110+12) meV and (112 15) meV] for the +0.56 and+0.71% strained samples, respectively. At high
pressures the structures become type Il, and the observed indirect re&lspade transition exhibits a
blueshift with increasing incident laser power density. An analysis of this blueshift allows both the density and
lifetime of the spatially separated photoexcited carriers to be determined.

I. INTRODUCTION In the present paper we describe the use of hydrostatic
pressure to directly determine the band offsets of tensile
GayIny_P{Al,Ga; _y) g5dnoadP heterostructures, with strained Galn,_,P<Al yGay_y)osdNo4 quantum wells.

x=0.52, represent the largest direct band gap, Ill-V GaAsThis technique, in which the low-temperature photolumines-
lattice-matched low-dimensional semiconductor SyStemcence is measured as a function of hydrostatic

They hence possess considerable potential for efficient, Vi%ressur€;8*11‘13'17pr0vides a direct and reliable determina-

ible electro-optical applications including ultrabright red- tj5y of the band offsets. Unlike other techniques which are
green light-emitting diodes, and both conventional commonly used to determine heterojunction band offsets, it
ggometr§ and vertical cavity surface.-em|tt|ﬁg'|5|ble laser  requires a knowledge of relatively few material parameters.
diodes. By altering the Gain ratio of the @a, P gych parameters are often not well known for ternary- and
well material, the active region of G, «P-  guaternary-containing heterojunction systems, and this limits
(AlyGay _y)osdNoad heterostructures may be subjected toihe accuracy and reliability of many of the more commonly

either tensile x>0.52) or compressivex0.52) strain. employed methods used to determine band offsets.
Both types of strain have been predi¢tédo lead to im-

proved laser diode performance, compared to unstrained de-
vices, due to strain modifications of the valence-band struc-
ture. Tensile strain is expected to reduce spontaneous
emission losses in the plane of the layers, and there is some Two tensile-strained Gan;_,P<{Al Ga;_)o5dNg 48
experimental evidence to suggest that ,Ba_,P- quantum-well structures have been studied. The first, which
(Al Ga; _y)osdnoad devices with tensile-strained active is grown by metal-organic vapor-phase epitsdyOVPE),
layers exhibit reduced threshold current densfies. has &,y)=(0.59,0.7) and consists of a 300-A single quan-
In order to accurately model and optimize device behavium well (SQW) confined between 0.1- and Am barrier
ior, a reliable knowledge of the heterojunction band offsetdayers. The composition of the well results in it being sub-
is required. Although there have been a number of reportjected to an in-plane tensile strain #f0.56%. Growth con-
of measurements of unstrained @& _,P-Al(GalnP  ditions for this sample are designed to minimize the effects
band offset;*® and, to a more limited extent, for of the spontaneous ordering which can occur in MOVPE-
compressively ~strained structures;® very little is  grown Galn,;_,P and(Al ,Gay )0 52ne4sP 28 Full details
known about the band offsets of the tensile-strainecbf the growth and characterization of this and related
GayIny_P{Al,Ga; _y)g.52Np4d system. To the best of samples are given in Ref. 16. The second sample is grown by
our knowledge there has been only one reported determingas-source molecular-beam epita&S-MBE), and consists
tion of such offset® where an optical technique, applied to of a seven-period multiple quantum welMQW) with
samples with a strain 0f0.56% (=0.59), gave a conduc- (x,y)=(0.61,0.55) and 55-A wells and 37-A barriers. This
tion band offsetAE,~0.7AEZ" ,1® AER" being the total well composition produces an in-plane tensile strain of
heavy-hole band-gap discontinuity. +0.71%. The quantum-well stack is confined between 0.1-

II. SAMPLE AND EXPERIMENTAL DETAILS
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FIG. 1. Typical PL spectra of the MQW sample recorded for

. . ) FIG. 2. PL measured transition energies of the MQW plotted
various values of applied hydrostatic pressure at 1.8 K.

against applied hydrostatic pressure.

and 1.0pm-thick Al,Ga;_,InP layers of a composition defect-related peaksEf and E3*). Also observed in the
equal to that of the barriers. Growth is on(@01) GaAs  |ow-pressure spectra is the first LO-phonon satellit® ;)
substrate misoriented by 15° toward (1Alagain to mini-  of transitionE,. This feature, which corresponds Eq re-
mize possible ordering effects. The barriers of both samplegompination and the additional emission of a longitudinal-
are nominally unstrained. _ optical phonon, has been discussed elsewh&and will
~ Hydrostatic pressure was applied to the samples at 1.8 Kot be considered further in this paper. In Fig. 2 the mea-
in & miniature diamond-anvil celf. The samples were me- gyred PL transition energies of the MQW are plotted against
chanically thinned to a thickness 650 um and then pressure. For clarity the phonon satellite associated with the
cleaved to a size-100x 100 um? before mounting in the E, transition is omitted. With increasing pressure thg
cell. Aruby chip was used as a pressure sensor with argon gjantum-well transition shifts to higher energy at a rate
a pressure transmitting medium. The photoluminescencgglji0_35) meV/GPa, consistent with the behavior ex-
(PL) was excited with the 4765-A line of an Ar-ion laser, pected for a transition between zone-center electron and hole
using incident power densities in the range2-30 W states ['T"). In contrast, the barrier transitid#, exhibits
cm % and was detected with a triple spectrometer and & smaller and negative pressure coefficient-6fL0.1+0.3)
multichannel charge coupled devit@CD) system. meV/GPa, typical of transitions between electron states at
the k#0 X point and hole states at the zone center
IIl. EXPERIMENTAL RESULTS (X—>F) This behavior is in agreement with studies of bulk
(Al Ga; ) 54N g.4dP, which show that fox=0.52 the ma-
A. MQW sample terial has an indirect band gdp?? For pressures above
Figure 1 shows typical PL spectra of the MQW, recorded~1.3 GPa theE; transition disappears, and a series of tran-
for a number of pressures. At low pressures the dominant Pgitions E3, E3, andE3*) appear, all of which exhibit a
(E,) arises from recombination between the lowest wellsmall, negative pressure coeffici¢t- 17.0+0.9) meV/GPa
electron and the highest well valence-band states. Both theger E;].
states are &=0 (I'). Hence transitiorE; is direct in both The negative pressure coefficient of tBg transition in-
real andk space. Because the well is subjected to tensilelicates that, likeE,, it originates from arX state. For this
strain, the lowest-energy valence-band state is the first lighthere are two possibilities, either the wHlistate Ky) or the
hole level (LH1). Without the effects of quantum confine- barrierX state Kg). In both cases the final hole state will be
ment, and a well composition of=0.61, this state lies 52 in the well (I'yy) as this represents the highest valence-band
meV lower in energy than the first heavy-hole stét#1). state for all pressures. Both possibilities feg (Xyw—T'w
Although confinement effects reduce this splitting, we calcu-and Xg—1TI'yy) are indicated in Fig. 3, which is a schematic
late that, for the 55-A well width of the present sample, LH1band diagram of the sample at ambient pressure. Details of
lies 18 meV below HH1. The higher-energy, weaker featureshe calculations of the energy levels shown in Fig. 3 will be
in the PL spectra arise from recombination in the barriersdescribed below. At ambient pressure recombination associ-
This consists of a main pealgg) and weaker impurity- or ated with Xyy— I will not be observed due to the zero-
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electron population oKy, . In addition, theXg—T", transi-
tion is unlikely to be visible due to the low population of
Xg and the small wave-function overlap between the spa-
tially separated statesg andI'y,. However, with increasing
hydrostatic pressure th¢ states move down and theelec- FIG. 4. The incident laser power density dependence of the PL
tron states move up in energy. Hence, above a certain prespectra of the MQW. Spectra are shown recorded for incident
sure the lowesK state will become the lowest electron state.Power densities of 1 and 5 W cnf at pressures of 1.53 and 3.04
Its population will increase, and transitions from this stateGPa.

will be observed. - )

Inspection of Fig. 3 shows that the relative positions ofduced by the net positive charge of holes in the well. The
X, andXg depend not only on the magnitude of the well and€nergies .of poth the mmal electron anq final hole states of.a
barrier indirect band gaps but also on the size of the valencespatially indirect transition are hence increased, resulting in
band offset. Furthermore, the valence-band offset for thé&n overall increase, with increasing carrier density, of the
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light-hole statesAE\L,H, is given by transition energy. In ag:ldif[ion, the_ small overlap bet\_Neen the
wave functions of the initial and final states results in a long
AEI\_/H%EZ_ E(Xg—Tw)+Eppy, (1) recombination time. A large charge buildup, and hence large

band bending and resultant blueshift, therefore occurs for

whereE(Xg—T'y) is the energy of th&z—T'y, transition, ~moderate incident laser powers. In contrast, transitions be-
and E ., is the confinement energy of the first light-hole tween nonspatially separated states., Xy,—1I'w) will be
state. Hence, if the experimentally observed transifigris ~ Unaffected by any space-charge-induced band bending as, to
due toXg—T'\y becauseXg is the lowestX state, then, by a first approximation, the effect on electron and hole states in
extrapolating its energy back to ambient pressure, théhe same layer will be equal and of the same $igfihe
valence-band offset can be determined from a knowledge diverall effect on the energy of a spatially direct transition
E, and E,,;;. However, ifE; is due toXy—Iy, because Wil therefore be zero. The reason for the variation of the
Xw is the lowestX state, then only a lower limit can be relative intensities of, andE; as the incident laser power
placed on the size df(Xg—T'y) and hence ohEY . d_en.sny is mcreas.ed is unclear. Howgver, we have observed a

In order to determine whetheE; is due toX, T, or  Similar — behavior — in  unstrained  Gadn .-
Xg— T\, PL spectra were recorded as a function of the(AlyGa1-y)osdNosd® MQWSs where thé; transition could
incident laser power density. Typical spectra, recorded foP® unambiguously assigned ¥;—T'y both from its ob-
power densities of-1 and 5 W cmi 2, at pressures of 1.53 seryeq blue§h|ft with increasing laser power Qensny and Fhe
and 3.04 GPa, are shown in Fig. 4. At both pressures, ipvariation of _|t57e8nergy between samples of different barrier
creasing the incident laser power density cause€thgan- Al composition.” ,
sition to blueshift to higher energy by4 meV. In contrast, From the observed behavior Bf, we therefore conclude
the barrier transitiorE, exhibits no power-dependent blue- that it is the Xg—1I'yy indirect real andk-space transition
shift within the experimental accuracy. In addition, the inten-With E3 andE3™ resulting from defect/impurity states asso-
sity of E; becomes weaker relative to thati®f as the power ~Ciated withXg and/orI'y, . This result implies thakg lies
density is increased. The power-dependent blueshifeof Dbelow Xy, in the present sample. Having identifiét as
can be understood if this transition occurs between spatiall€ing due toXg—T'y, the band offsets of the sample can
separated initial and final statése., Xg—I'\).23%* The net NOW be determined. Equatidil) can be rewritten as
negative charge due to electrons in the barriers produces an LH
electrostatic band bending of an opposite sign to that pro- AEy =EJ—E$+E 4, 2
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where E3 and E§ are the zero-pressure, free-particle bandterminedAE", the conduction band offs&tE,, can be cal-
gaps corresponding to transitiols and E3, respectively. culated if the well and barrier direct band gaps are known.
As we have discussed in a previous publicafion,order to  The barrier band gap is measured directly by photolumines-
relate the free-particle band gaps to the experimentally detegence excitatioiPLE), and a value of (2.3570.010) eV is
mined transition energies, corrections for both excitonic antbtained after correction for the exciton binding energy. For
localization effects must be applied. Accounting for thesethe strained well a light-hole-related bulk band gap of

Eq. (2) becomes (2.069+0.015) eV is calculated using EffL) of Ref. 16 for
the unstrained band gap of @a,_,P, the theory of Ref. 27
AEY=(E3 = E3m) + (Ezex—E3 e+ (Ezjoc— Esjo0) for the effects of strain on the direct band gap, and material

parameters given in Ref. 16. From these values a conduction-
band offset of (17%23) meV is determined and, using a

e dE h q calculated value of (2.1210.010) eV for the well heavy-
transiti i Eiex, @n .ti~'°C E\.redt_ € measure zderlo-prle.ssttljrehole band gap, a heavy-hole offgeE!{"=(61+25) meV is
ransition energy, exciton binding energy,o and localizalionyeqceq. Finally, expressing the conduction-band offset as a

energy, respectively, of theth transition.E;,, the z€ro-  ganiion of the total heavy-hole band gap discontinuity
pressure barrier indirect band-gap transition energy, is ob AEHM gives the resul\E = (0.74+0.10AEH . Alterna-
tained from the zero-pressure spectra, and the zero-press 5 G N Lo G -

value of the spatially indirect transitiolﬁgm is obtained by b ailg- ge ;(S resj;gggnicnjtsya g;‘fﬂ?n Ogi\;[gg totﬁle“ghrtegg:f
extrapolating back to zero pressure the transitions plotted i&E —(0.61+0.08)AEY" Thesg calculated values are indi-
Fig. 2. The value of the latter is adjusted slightly to correct at(Ced on- the s.chema(taic.band diaaram of Fia. 3

for the blueshift induced by the incident laser power densit)}c As discussed above. the reIati?/e ositior?.of .the well and
used to obtain the data of Fig. 2. For the barrier indirectba ’ P

band-gap exciton binding enerd .., we assumed a value rrierX states Ky andXg) depends not only upon the sizes

of 20 meV. equa o th expermerialy measure vae off " 00K 01X brd sps ut i o e megpiute o
Gap?® E; oS the exciton binding energy of the indirect real v ' v indi

andk-space transitioXgz—1"\y. Because of the spatial sepa- gnd k-spaceh trinsgorﬁ,g—d“w, andl_ hebn(I:e to be ak;le to
ration of the electron and hole, this will have a value less etermine the band offsetXs must lie belowX,,. Refer-
than that of a corresponding bulk three-dimensio¢giD) ence to Fig. 3 shows that this requires
exciton. For the layer thicknesses of the present sample cal- IND - —IND LH
culations by Duggan and Ralphfor the case of a type-lI Eg <Ew +AEy", 4
GaAs-AlAs superlattice, indicate an indirect exciton binding IND IND . o
energy of approximately half the bulk AlAs value. Although WhereEg™ andEy,~ are the barrier and well indirect bulk
the effective masses of the GaAs-AlAs and ,Ba_,P- pand gaps, the latter measured W|tk_1 respect to the strained
(Al ,Gay _,)osdNodP Systems are similar, the band offsetslight-hole valence-band edge. Conf!nement effects are ne-
of the former system are considerably greater. This latteflected due to the largk-point effective masses. Measure-
difference will lead to a larger indirect exciton binding en- ments of bulk(Al,Ga, _)o.sdNo.4d> (Refs. 21 ﬁ\‘ll’D‘d 2pand
ergy for the Galn,_,P-Al ,Gay _,)54Ng 4 System due to 'Ga)flnl,xP (Refs. 28 and 2}9.g|ve values forEg~ and the
the greater penetration of the electron and hole wave fundndirect band gap of unstrained gglng s of 2.325 and
tions into their respective barriers which will reduce their2.310 eV, respectively. The effect of tensile strain on the
effective spatial separation. We therefore assume a value féadirect band gap of Gggilnos? has three components; a
E3ex Of half the bulk GaP value, although from the above positive hydrostatic term, a negative term resulting from the
discussion this may slightly underestimate its true value. Thétrain splitting of the valence band, and a similar negative
penultimate term in E(3) represents the difference between term for theX states which results in thé valley along the
the localization energies for the two transitiofs and  growth direction ¥,) forming the lowest quantum-weK
E;. PL and PLE measurements of high Al contentstate. To calculate the size of these effects, we use an indirect
(Al ,Ga; _,)osdNo4dP layers give a localization energy of gap hydrostatic pressure deformation potentiat-df52 eV,
~30 meV for recombination at the indirect band gap?  derived from hydrostatic pressure measurements of GaAs
The difference between the two localization energies is diflattice-matched Ggsdn o 4¢P, >° and theX-point shear defor-
ficult to calculate but, given that they both have the saménation potential of GaP> This calculation assumes, as do
initial state, a reasonable approximation is to assume thall the calculations in this paper, that the sample growth di-
they are equal to within 10 meV and hence thatrectionis(001). The errors introduced by the deviation of the
Ejoc— E3joc= (0= 10) meV. actual growth directions away frof®01) are expected to be
Using Eq.(3), the valence-band offset for light holes can small, and are certainly less than errors arising from the un-
now be determined. The only additional parameter requiregertainties in the precise values of the material parameters
is E_;, for which a value of 30 meV is calculated using a Used in the calculations. The overall effect of the strain is to
finite depth square-well model which includes the effects ofreduce the well indirect band gap by 77 meV, and the rela-
coupling between the light and spin-orbit split-off bands.tive positions of the wellX states are indicated in Fig. 3.
With this value forE, ., Eq.(3) givesAEL=(113+15)  With these values foE3"® and Ey°, Eq. (4) requires that
meV. The errors in this value are due to uncertainties in thé\Ey">92 meV or, alternativelyAEc<196 meV. Express-
zero-pressure intercepts Bf, and E; determined from Fig. ing AE¢ as a fraction of the total heavy-hole band-gap dis-
2, and errors in the calculated terms in E8). Having de-  continuity results in the inequalitAEc<0.83AER". The

+Eih1, ©)

whereE?
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FIG. 5. Typical PL spectra of the SQW sample recorded for

ario alues of applied hydrostatic pressure at 1.8 K. " .
various vaiues Pel ydrostatic pres FIG. 6. PL measured transition energies of the SQW plotted

against applied hydrostatic pressure.

value deduced above fa&kE( is fairly close to but within
this limit, providing further support for the above assignment
of E; to the type-ll indirect real and-space transition the SQW, the hole confinement enerdy, (,) is very small
Xg—Tw. (=2 meV), and the binding energy of the spatially indirect
transition exciton E3 ¢,) is essentially zero. The experimen-
tally determined values then givEY"=(110+12) meV.
B. SQW sample Using PLE-measured values for the well and barrier band

Figure 5 shows PL spectra of the SQW recorded as gaps, values of AE.=(260*+19) meV  and
function of pressure. The form and behavior of these spectrAE!"=(68+21) meV are determined for the conduction
are very similar to those of the MQW sample describedand heavy-hole-related band offsets, respectively. Finally,
above. The low-pressure spectra are again dominated by tlexpressing the conduction-band offset as a fraction of the
direct quantum-well transitionH;) with weaker barrier PL  total heavy-hole band-gap discontinuity ~ gives
at higher energyE,, E5, andE}*). The pressure coeffi- AE.=(0.79+0.07)AER" or, as a fraction of the total light-
cients of these transitions are (¥8) meV/GPa and hole band-gap discontinuith E.=(0.70+0.07)AEL". Cal-
(—18.3-0.8) meV/GPa, respectively. For pressures aboveulations for this sample using E¢}) show that the obser-
~2.0 GPaE, is quenched and is replaced By and related  vation of the type-Il transition requireAE.<0.8NER",
transitions all showing a negative pressure coefficient oproviding additional support for the validity of this band-
(—25*1) meV/GPa. The energies of the PL transitions forpffset determination.
the SQW are plotted against pressure in Fig. 6. A reliable |t is interesting to note that there is some difference in the
determination of the SQW band offsets again requires thgsressure coefficients of nominally identical transitions for the
the experimentally observed featuEg is due to the indirect two samples. The reason for this behavior is unclear, but
real andk-spaceXg—I'yy transition. PL spectra recorded for probably indicates the presence of nonhydrostatic pressure
different incident laser power densities show a small bluecoefficients(i.e., biaxial straip within the samples. This may
shift of E; with increasing power, although, in contrast to the be an intrinsic effect due to the different bulk moduli of the
MQW, E; becomes more intense in relation to the barrierwell, barrier, and substrate materials, an extrinsic effect re-
transitionE, as the laser power is increased. sulting from conditions within the pressure cell or a combi-

The observed blueshift ofE; and the result of nation of the two. However, the presence of nonhydrostatic
calculations’* which indicate that itXg is the lowestX state pressure components, regardless of their origin, will not af-
in the MQW then it must also be the loweXtstate in the fect the validity of the band-offset determinations. The only
SQW, allows us to conclude th#i; is due to theXg—TI'yy  experimental requirement is that the transitions show a linear
transition. The light-hole-related valence-band offset carshift with pressure allowing, where necessary, an accurate
now be determined from E¢3). The only difference com- extrapolation of their ambient pressure values and hence al-
pared to the MQW is that, because of the wide well width oflowing a reliable determination of the ambient pressure band
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®

satisfy this requirement of a linear pressure coefficient. AE= 1—2+ 2.2

offsets. Within our experimental accuracy all the transitions e2n ( 1 1 )
ggg '

whered is the period length of the structure, andis the
two-dimensional carrier density in each layer. If we assume a
The absolute conduction-band offsets for the SQWinear dependence of charge density upon incident laser
and MQW are AE,=(260+19) and (17%23) meV, power for low powers(i.e., that the recombination time is
respectively, or, expressed as fractions of the heavy-hol®dependent of carrier densjtthen, for the MQW sample, a
band-gap discontinuity, AE.=(0.79+0.07)AES" and  carrier density of-3x 10" cm~? is deduced to account for
(0.74+0.10)AEHH . These latter values are slightly larger the blueshift observed foa 5 W cn? incident power den-
than those obtained for unstrained wells where, using a simsity- Because there will be a band-gap-renormalized redshift
lar pressure method, we have obtained values ofn addition to the electrostatic blueshift, this value for the
AE,.=(0.65+0.05)AEg and (0.70:0.05)AEg for barrier ph9t0e>_<cited carrier density i_s Iil_<eI3_/ to represent a lower
Al compositions y=0.58 and 1.0, respectively# Other limitto its true value. The carrier lifetime can now be found
groups have determined unstrained values ofSing a standard rate equation and knowledge of the incident
AE.=0.75AE; (Ref. 32 and 0.6AEg (Refs. 11 and 1P laser power de_n5|ty and th_e sample absorption. In the ab-
for y=0.7 and 1.0, respectively, using a similar pressuresence of detailed absorption values for g P and
method and AE.=(0.65+0.05)AE; (Ref. 10 and (Al yGal,y)In0,52P0_48j_he roggn-temperature c_Jata obtal_ned
0.67AEg (Ref. 9 for y=0.6 and 0.7 from a theoretical mod- for GaggnosP by Gon et al™ are used. Their absorption
eling of PLE-measured transition energies. To the best of ougurves are shifted rigidly in energy to account for the differ-

knowledge the only other determination of the band offset€nt Ga and Al compositions of the layers of the present struc-
of tensile-strained samples gave a value ofture, and also the pressure and temperature dependence of

AE,~0.7AER" | deduced from a series of samples whichthe band gaps. With these considerations and the above val-

included the SQW of the present wdkThis value was U€S @ carrier lifetime ofr~1.5 us is deduced. Given the
determined by observing the well width for which the first uncertainties in the calculation of this quantity, it should be
light- and heavy-hole states cross in energy. Because thgonsidered at best an order-of-magnitude estimation.
crossing occurs for narrow well widths where the transition 1€ value of~1.5 us for the carrier lifetime is consider-
line widths are relatively large, the precision of this result is2P!y longer than the recombination time expected for a direct

limited. However, its value is consistent with the present®@ andk-space transition for which a value of1 ns is
more accurate results. typical. The carrier lifetime is composed of two contribu-
There have been relatively few theoretical calculations ofions, the radiative rg "j‘?d 'j?”raﬁj'la“veTNR lifetimes,
the Galn; P{Al,Ga; ,)osdNgsdP System band offsets. through the relat|onsh_|p =71r t ™yr- Hence, given the
Although the unstrained values agree well with those pre€xperimentally determined value of-1.5 us, g must have
dicted by recent calculations based on Van de Walle’s mode? Value in excess of-1 us. This large value forr is con-
solid theory*®33our tensile strained values are slightly larger Sistent with that expected for a system with spatially sepa-
than those expected from this model. For examp|e’ a value dﬁted carriers. Skolnickt a|.35 direCtIy measured the carrier
AE.=0.6IAE is predicted for the SQW compared to the lifetime of a type-Il GaAs-AlAs superlattice as a function of
experimentally  determined  value of AE,=(0.79 applied hydrostatic pressure. This increased from 0.4 to 12
+0.07)A EEH_ However, the apparent experimentally mea-AS: the variation being explamgd in terms of mixing t_)etween
sured increase irAEC/AEEH between the SQW and MQW thel’ and X'el'ectron states which decreases as their energy
is in agreement with the model solid theory which predicts:separatlon |s_|ncrea§ed by the applied pressure. The present
an increase in this ratio with increasing barrier Al content.value for 7¢ is consistent with these values, although the

The model therefore appears to predict correctly some of thgncgrtainties connected with its Figtermination makes a guan-
observed trends in the offsets but with some errors in thei];ltatlve measurement of any variation with pressure difficult.

absolute values.

IV. DISCUSSION OF RESULTS

VI. CONCLUSIONS
V. DETERMINATION OF THE TYPE-II

TRANSITION LIFETIME The hydrostatic pressure technique has been used to de-

duce the band offsets of two tensile strained
From the measured laser power density-induced blueshiféa,In, _,P{Al ,Ga; _y) g5dNg4P quantum well structures.

of the Xg—TI'\y spatially indirect type-lIl transition, it is pos- The majority of the total band-gap discontinuity is deter-
sible to determine an order-of-magnitude value for the spamined to be in the conduction band, a result similar to
tially separated carrier density, and also to estimate the lifethat obtained for unstrained structures. Our results indicate
time of these carriers. Using a simple electrostatic modelthat the valence-band well is relatively shallow for
Langbeinet al3* have shown that, with the assumption thatboth  unstrained and tensile-strained ,@g _,P-
the carrier wave functions may be approximated by sindAl Ga; _,)os4no44P heterostructures. Hence, hole leakage
waves, the carrier-density dependence of the blueshifby thermal emission may be an important factor limiting the
(AE) is given by performance of electro-optical devices based on this material



10 836 O. P. KOWALSKI et al. 53

system. At high pressures the guantum wells become type |II, ACKNOWLEDGMENTS

and the observed indirect real akgpace transition showsa  We wish to thank the staff of Epitaxial Products Interna-
strong blueshift with increasing incident laser power densitytional (Cardiff, United Kingdom for the supply of the SQW,

An analysis of this blueshift allows both the photoexcitedsample and the Engineering and Physical Sciences Research
carrier density and the lifetime of the spatially separated car€ouncil (United Kingdom for financial suppor{Grant No.

riers to be determined. GR/H70270.

1C. P. Kuo, R. M. Fletcher, T. D. Osentowski, M. C. Lardizabal, 8A. Gomyo, T. Suzuki, and S. lijima, Phys. Rev. Le8D, 2645

M. G. Crawford, and V. M. Robbins, Appl. Phys. Lef7, 2937 (1988.

(1990. 19D, J. Dunstan and W. Scherrer, Rev. Sci. Instr68).627 (1988.
?S.S.0u, J. J. Yang, R. J. Fu, and C. J. Hwang, Appl. Phys. Let°D_ J. Mowbray, O. P. Kowalski, M. S. Skolnick, M. Hopkinson,
5 61, 892(1992. _ and J. P. R. David, Superlatt. Microstrub, 313(1994.
4J. A. Lott and R. P. Schneider, Jr., Electron. L8, 830(1993. 21p. J. Mowbray, O. P. Kowalski, M. Hopkinson, M. S. Skolnick,
A R. Adams, Electron. Let@2, 249 (1986. and J. P. R. David, Appl. Phys. Le@i5, 213 (1994.

E. P. O'Reilly, G. Jones, A. Ghiti, and A. R. Adams, Electron. 2g p. Najda, A. H. Kean, M. D. Dawson, and G. Duggan, J. Appl.

Lett. 27, 1417(1993. Phys.77, 3412(1995.

p. J. A. Thijs,Digest of the 13th IEEE International Semiconduc- 23R. Binder, I. Galbraith, and S. W. Koch, Phys. Rev4® 3031
tor Laser ConferencdEEE, Takamatsu, Japan, 199%0l. Al, ('1991) Y ' o ' ' '
p. 2. 24 : . . i

70. P. Kowalski, J. W. Cockburn, D. J. Mowbray, M. S. Skolnick, J.RCc:)Eslns’otr:. 22:3’;;6' it!emsr;]tﬂlg igzl?lgl\go‘] Hafich, and G. Y.
R. Teissier, and M. Hopkinson, Appl. Phys. Le6, 619 BR. G. Hum,phreys U. Resler, and M Cardona. Phys. RevlB

(1995.
83. W. Cockburn, O. P. Kowalski, D. J. Mowbray, M. S. Skolnick, 2% 5590(1978.
G. Duggan and H. I. Ralph, Phys. Rev.3B, 4152(1987).

R. Teissier, and M. HopkinsorfRroceedings of the 22nd Inter- 27
national Conference on the Physics of Semicondugciedited M. Chandrasekhar and F. H. Pollak, Phys. Rev.1§ 2127

by D. J. LockwoodWorld Scientific, Singapore, 1995. 747. -8 (1977). _ )
%M. D. Dawson and G. Duggan, Phys. Rev4R 12 598(1993. A. R. Gon, K. Syassen, K. Stissner, and M. Cardona, Phys.
10C. T. H. F. Liedenbaum, A. Valster, A. L. G. H. Severens, and G.  Rev. B39, 3178(1989.

't Hooft, Appl. Phys. Lett.57, 2698(1990. 29R. J. Nelson and N. Holonyak, Jr., J. Phys. Chem. S@®j$29
11D, patel, M. J. Hafich, G. Y. Robinson, and C. S. Menoni, Phys. (1976.
Rev. B48, 18 031(1993. 303, W. Cockburn, D. W. Peggs, O. P. Kowalski, D. J. Mowbray,

2\. D. Dawson, S. P. Najda, A. H. Kean, G. Duggan, D. J. Mow- M. S. Skolnick, and M. Hopkinsofunpublishel
bray, O. P. Kowalski, M. S. Skolnick, and M. Hopkinson, Phys. 'The higher Al composition of the SQW barriers raise the barrier

Rev. B50, 11 190(1994. X state by~5 meV, but this effect is outweighed by the smaller
13A. D. Prins, J. L. Sly, A. T. Meney, D. J. Dunstan, E. P. O'Reilly, strain of the SQW which increases the lowest wélstate by
A. R. Adams, and A. Valster, iRroceedings of the 22nd Inter- ~18 meV.
national Conference on the Physics of SemiconducRes. 8, 32This value is obtained using the value for the valence-band offset
p. 719. determined in Ref. 13, and recently published data for the
M. D. Dawson and G. Duggan, Appl. Phys. Leitl, 892(1994. compositional dependence of the direct band gap of
5R. P. Schneider, Jr., R. P. Bryan, E. D. Jones, and J. A. Lott, (Al,Ga;_,)osdng4P (Ref. 21.
Appl. Phys. Lett.63, 1240(1993. 33C. G. Van de Walle, Phys. Rev. 89, 1871(1989.
16\M. D. Dawson, G. Duggan, and D. J. Arent, Phys. RevbB 34w, Langbein, S. Hallstein, H. Kalt, R. Nzel, and K. Ploog,
17 660(1995. Phys. Rev. B51, 1946(1995.
7U. Venkateswaran, M. Chandrasekhar, H. R. Chandrasekhar, B°M. S. Skolnick, G. W. Smith, I. L. Spain, C. R. Whitehouse, D.
A. Vojak, F. A. Chambers, and J. M. Meese, Phys. Re33B C. Herbert, D. M. Whittaker, and L. J. Reed, Phys. Re\3B

8416(1986. 11191(1989.



