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Photoluminescence from optically pumped strained-layer quantum wells of Ing;Gagg3As/
Al 1,Gag ¢gAs has been observed under hydrostatic pressures up to 100 kbars, using a diamond-anvil
cell. High-resolution x-ray diffraction has been used to determine structural parameters. Analytic ex-
pressions have been derived for the hydrostatic-pressure dependence of the I'-band-gap photolumines-
cence intensity for the case of a heterojunction. This allows us to differentiate between two possibilities:
whether an observed pressure-induced I'-X crossing in a quantum-well structure is indicative of a I and
X crossing in the well material only, or whether the I band edge in the well material crosses the X band
edge of the barrier material. Only in the latter case can information on band alignments be obtained.
The present heterostructure is found to satisfy the latter criterion, thus allowing the determination of

AE,~(0.157%£0.025) eV, at ambient pressure.

Strained-layer heterostructures containing
In,Ga,_, As offer a means to tailor the transport, optical
properties, and band alignments in this materials system.!
In particular, the presence of in-plane compression in
pseudomorphic strained layers leads to a reduction in the
in-plane (transport) heavy-hole mass® and thus enhances
the hole mobility. Further, it has been postulated that
this same hole-mass reduction should give rise to a re-
duced density of states thereby allowing the hole quasi-
Fermi level to move into the valence band at lower car-
rier densities, hence reducing the threshold current in
strained-layer quantum-well lasers.>™> It is also well
known that coherency strain can dramatically alter the
band alignment in pseudomorphic heterostructures,® thus
providing an additional degree of freedom in device
design. In the present work, strained multiple
quantum wells having nominal compositions of
Ing ;Gag g3As/Alj 3,Gay ¢gAs have been grown on (001)
GaAs using molecular-beam epitaxy. Room-temperature
photoluminescence spectra were obtained under hydro-
static pressure generated using a diamond-anvil cell.’
The pressure medium consisted of a 4:1 volume mixture
of methanol and ethanol. The pressure on the sample
was monitored using the ruby-fluorescence technique.
Photoluminescence was excited using a Q-switched and
frequency-doubled Nd:YAG laser (peak power of 1 kW
and 2 X 10~* duty), analyzed with a 0.5-m-grating spec-
trometer and subsequently detected using a 7102 pho-
tomultiplier. An analysis of the pressure dependence of
the photoluminescence intensity of the lowest direct
quantum-well transition has allowed us to determine
the valence-band offset for the pseudomorphic
Ing 11Gag g3A8/Alj 3,Gay ¢sAs heterostructure on (001)
GaAs.

Hydrostatic pressure, in general, produces a uniform
dilation of the center of gravity of a given band edge, and
hence a uniform motion (without splitting) of the various
semiconductor band gaps (i.e., I', X, L, etc.). The motion

45

of a gap of given symmetry is defined in terms of
the band-gap hydrostatic deformation potential,
(E4+4E,—a,)?, and the volume dilation, AV /¥, of
the crystal. In general (£,+1E, —a,) is negative for
y=T or L and positive for y =X.® Since AV /¥, <0 for
externally applied hydrostatic pressure, it follows that I"
and L band gaps increase in energy whereas X-band gaps
decrease in energy, under external hydrostatic pressure.
The application of hydrostatic pressure to a bulk semi-
conductor that is direct-gap at ambient pressure can
therefore lead to an indirect-gap semiconductor for pres-
sures P> P. where P, is that pressure where I' and X
conduction-band edges cross.’” 12 This ' — X conversion
is accompanied by a marked decrease in the I'-band-gap
photoluminescence intensity for P> P,. In the bulk, the
I'-band-gap photoluminescence intensity is given by an
expression of the form® ™ 1

-1

EC(F)_E(X)
e +B, (1)

1(P)
Iy

1+ A exp

where I, is a constant proportional to pump intensity and
A=m}/m¥ )y 2(rr/7%). B=(Tp_x/Tpq), and repre-
sents the probability that an electron at I', will undergo a
radiative direct transition, rather than an intervalley
crossover. In general it is found that B <<1 except in
heavily p-type doped bulk layers (p22X10'® cm™3)
wherein 7,4 is decreased.'"'> Even at this doping level,
Leroux et al. found that B ~10"* for p-type GaAs. Fur-
ther, extrapolation of the X-band gap’s pressure depen-
dence from beyond crossover back to zero presure yields
the I'-X band-edge separation in the ambient bulk. In
Eq. (1), m{ and my are the effective density-of-states
electron masses at I' and X, respectively; 7 and 7y are
the recombination lifetimes for electrons at I' and X;
Tr—y is an intervalley scattering time and 7,4 the radia-
tive direct lifetime.
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In a quantum-well structure under hydrostatic pres-
sure, the observation of a falloff in the photoluminescence
(PL) intensity associated with a direct quantum-well tran-
sition may be the result of the fact that either (i) the well
material has undergone a I' . —X_ conversion to become
indirect, or (ii) the well material remains direct but XCB,
the conduction-band edge of the barrier material, crosses
'Y, the conduction-band edge of the well, thereby caus-
ing the quantum well to become indirect both in real
space and in momentum space. The latter can only occur
if the X. conduction-band edges of the quantum well ex-
hibit a type-II alignment wherein the X conduction-
band edge of the well material lies at a higher energy than
the X2 conduction-band edge of the barrier material as
shown in Fig. 1(a). If the critical hydrostatic pressures
associated with ', —X, conduction-band crossing in
bulk well and barrier material have been independently
determined, then one can immediately determine whether
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FIG. 1. (a) Band alignments for a quantum well having a
type-I alignment for the I'-conduction bands and type-II align-
ment for the X-conduction bands at ambient pressure (P=0).
(b) Band lineups for heterojunction in (a) at pressure P X P, the
pressure at which the X2, electron state in barrier moves below
the '} electron state in the well.
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the drop in direct PL intensity from the quantum-well
structure is due to effect (i) or (ii). For case (ii) one can
obtain information on band alignments, as shown in Fig.
1(b). Various authors’>~!7 have used hydrostatic pres-
sure and photoluminescence to determine the band effects
in lattice-matched Al Ga,_, As/GaAs and strained-layer
In,Ga,_,As/Al,Ga, ,As multiple quantum wells. In
the case of pseudomorphic In,Ga,_,As/Al,Ga;_,As
quantum wells on (001) GaAs the I', — X, crossover pres-
sure for the Al,Ga,_,As barrier may be readily obtained,
however the I',—X, crossover for the relaxed barrier
materials is not as readily obtainable due to complica-
tions associated with both the growth and optical charac-
terization of totally relaxed lattice-mismatched materials.
Alternatively, we show that examination of an analytic
expression we have derived for the pressure dependence
of the heterostructure direct-gap PL intensity allows one
to determine whether an observed I'— X crossing is indi-
cative of a case-(i) or case-(ii) event.

The strained multiple quantum wells studied in the
present work were grown using molecular-beam expitaxy
on (001) GaAs substrates. The structure consisted of ten
periods of In, Ga, _ As strained quantum wells separated
by Al,Ga,_,As barriers. The nominal Al concentration
in the barrler layers was y =0.32, as determined by pho-
toluminescence from a 0.5-um buffer layer grown before
the multiple-quantum-well growths. The In content x in
the strained layers was determined using high-resolution
x-ray diffraction.’® A high-resolution scan of the (400)
reflection is shown in Fig. 2. The presence of a large
number of strong sharp satellite peaks indicates a well-
defined superlattice with smooth interfaces and a single
period d of 482 A, which can be calculated from the posi-
tion of the satellite peaks. The strong asymmetry in the
x-ray satellites around the (400) multiple-quantum-well
(MQW) peak occurs because of the strain modulation in-
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FIG. 2. Upper curve: a high-resolution x-ray scan of the
(400) reflection for the present In,Ga,_,Asq3,GagezAs
multiple-quantum-well structure. Lower curve: kinematical
simulation for the present structure.
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troduced by the accommodation of the large positive
mismatch between the In,Ga,_,As wells and the
Al 3,Gag ggAs barriers. This large positive tetragonal
distortion causes the ( —n) satellites to become stronger
than the (+n) satellites while the (400) zero-order MQW
peak (n =0) becomes so weak its position cannot be
identified unambiguously. In order to identify the (400)
MQW peak and simultaneously determine the structural
parameters, the x-ray satellite pattern of the (400)
reflection was simulated numerically by using a kinemati-
cal step model'®?° that assumes ideally sharp interfaces.
In this model the number of molecular layers Ny, and Ny
in the In, Ga;_,As well (W) and Al ;,Gag ¢gAs barrier
(B) and their corresponding lattice spacing dy and dg
along the [100] direction are the
input parameters. The best fit (shown) was obtained
for Ny, =26, Np=144, and dy =1.4460 A; assuming
dp=1.4135 A, the value for cubic GaAs. These results
imply a well thickness ty =2dy Ny =175 A, a barrier
thickness t5 =2dg Ny =407 A,and a tetragonal distortion
in the quantum well of e'=(a}V —a®)/a8=2.13%; aV
and a? being the measured well and barrier lattice pa—
rameters along the [100] direction. Multiplying €}’ by
¢y /(ey; +2c¢y,) yields the in-plane compression (e|) for
the strained well, which then allows the In content to be
deduced using Vegard’s law. This procedure yields
x(In)=0.17.

In Fig. 3 we show observed photoluminescence peak
energies versus hydrostatic pressure. The various curves
represent least-squares fits to the data. The labels ' and
X refer to direct and indirect optical transitions respec-
tively. The subscript n refers to the principal quantum
number of the confined states involved in the optical
transitions whereas # indicates that the excited electron
recombines with a heavy-hole (k) valence-band state in
the quantum well. The superscripts W and B again
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FIG. 3. Pressure dependence of various photoluminescence
peaks observed in the present Ing;Gagg;As/Alg ;,Gag ¢sAs
multiple-quantum-well structure. The numeric subscript (n)
denotes the principal quantum number, and A denotes the
heavy-hole character of the final (valence-band) state. The vari-
ous curves represent least-squares fit to the data, as discussed in
the text.
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denote well and barrier, respectively. The determination
that the X%, transition (observable for P 2 47 kbars) is as-
sociated with a transition from an X2-barrier electron to
I'V-heavy-hole well is of key importance in determining
the valence-band offset. The means by which such an as-
signment has been made is discussed in the following.

We have investigated the intensity dependence of T'},
(lowest-quantum-well direct transition) as a function of
hydrostatic pressure in order to determine if the falloff in
intensity for P R 47 kbar can be attriubted to the quan-
tum well converting [case (i)] or if the X -barrier band
edge has moved below the lowest (n=1) quantum-
confined electron state in the well, i.e., case (ii). The
pressure dependence of the TI'}, and X%, transitions

are well descrlbed by E,( ry )‘1 328+0.0104P
—(2. 4863X10 )P and E (X =1.845—(1.804
X107 %)P, where trans1t10n energles are in eV and

pressures P in kbars. The observed pressure dependence
of the Eg(Fr’;) photoluminescence intensity is plotted in
Fig. 4. The solid line is a best fit to an expression of the
form in Eq. (1). The fitting parameters are 4 =60 and
B=0. Recall that Eq. (1) describes the pressure depen-
dence of the direct-gap photoluminescence intensity for a
bulk material. A similar expression applies for the
I',— X, crossing in a quantum well if the exponent of the
(mg/mp) mass ratio is changed from 1.5 to 1.0 to reflect

a two-dimensional density of states. Using
A,p=(mg/m¢)Nrr/7x) and  well  parameters,
mz(Ing ,Gag g3As) = 0.83m, and m{=0.062m,, we

find that 74, =0.27. This applies only if the data in Fig.
4 describe conversion of the Ing;,Gajg;As well from
direct to indirect for P 2 47 kbars. Note, however, that
typically 7r=1 ns, and that 7y =0.27 implies that the
band-to-band recombination rate for the well in an in-
direct configuration exceeds the band-to-band recombina-
tion rate in the direct configuration. This can only occur
if recombination across the indirect X-band gap is con-
trolled by capture into deep traps, which would thereby
quench the band-edge luminescence. The fact that we
observed strong room-temperature photoluminescence
from both I" and X-character band gaps clearly precludes
this mechanism.
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FIG. 4. Pressure dependence of the I'}; direct quantum well,
photoluminescence intensity. The solid line is a best fit to Eq.
(6a).
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Since the data in Fig. 4 are not consistent with well
conversion only, we consider the possibility that the data
may describe a conversion of the type denoted as case (ii),
i.e., the X -barrier state crosses the I'.-well state at
P =47 kbars. In this case the measured photolumines-
cence energy at crossover P =P, ~47 kbars corresponds
to a spatially indirect transition between the X5, electron
state of the barrier material and the T';,, heavy-hole state
of the well material. Hence from Fig. 1(b), it follows that
Ep (P)=[EXP,)—AEM+Ey;]. We have indepen-
dently measured the barrier X-band gap to be 1.88 eV at
P=P_,=47 kbars and Ep;(P,)=1.766 eV, the photo-
luminescence photon energy at P,. Taking E,;, =12
meV we obtain AEM=0.126 eV at P=47 kbars. This
value for AE™ is similar to the value of 0.129 eV ob-
tained by extrapolating the difference (X?—X3,)to P=0
in Fig. 3. Such an extrapolation ignores any pressure
dependence of AE, itself. The valence-band offset at
P=0 may be estimated by using, e.g., the model solid
values® for the valence-band deformation potentials, a
AEM(P,)=AEM(0)+8[AE,(P)], where

8[AE,(P)]=(af—a)AV /Vy=(8a,(AV /V,) .

v

Using
al=a,(Al) ,Gag ¢gAs)=1.580 eV ,
a)=a,(Iny ,Gag 4;As)=1.128 eV ,

and
—(AV/Vy)=P,/By(In, ,Gag g3As)
~48 kbars /700 kbars=6.85X 1072,
we get —O8[AE,(P,)]=0.031 eV. Therefore,

AEPM(0)=(0.12640.031) eV=0.157 eV. Since the larg-
est uncertainty in the present results occur due to the
room-temperature ambient, we estimate

AEM™(0)=(0.157+0.025) eV
=[E,(Ing 1,Gag 53As) — E, (Alj 3,Gag 63As) ]

for pseudomorphic growth on (001) GaAs substrate. The
resulting band alignment at P=0 is shown in Fig. 1(a).
Here we have used a strained-alloy band of 1.225 eV as
obtained using deformation-potential theory?! for the
bulk well material. The lowest strain-split X-band edge
of the Iny ;;Ga, g3As then lies at 1.86 eV in bulk material,
assuming an unstrained X-band gap of 1.983 eV.?

In light of the fact that the fitting parameter describing
the data in Fig. 4 does not give information on the ratio
of the well band-to-band I" and X recombination times, it
is of interest to determine what information can be ex-
tracted from a fit to the pressure-dependent photo-
luminescence intensity I (P) for a heterostructure having
band alignments as shown in Fig. 1(a). An expression for
Iy;(P) can be derived using phenomenological rate equa-
tions for the electron concentrations n{, n}, and nf
within the I' valley of the well material, the X-valley of
the well material, and the X-valley of the barrier material,
respectively. For optical pumping at photon energies A v,
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where hv>E£(X) but hv<E:(F), the photons are ab-
sorbed predominately by the well material. From Fig. 5
we see that the electron concentration in the well materi-
al satisfies

onp r ny
a0 AT AP S x )
nt
TV -x2) ||’ @

where G|, is the optical e-k pair-generation rate per unit
volume, 7{¥ the direct gap recombination time for the
well material, 7( FCW —»XCW) the I'-X intervalley electron
transfer time in the well material, and (T — X2) the
transfer time for electrons at I in the well to X in the bar-
rier. Similarly the electron concentration at the X mini-
ma in the well material satisfies

ony - nf ny ny G3a)
= - h— - a
a Ar¥-x’ >4 (X} —xP)

Note that 7(X”—X2) is simply the X-valley-electron
thermalization time from the X, -valley in the well to the
X, -valley in the barrier. Since, as Fig. 1(a) shows, X" is
assumed to be higher in energy than X2, hence this
time is expected to be quite short—on the order
of the acoustical-phonon emission time. Hence
(X' —X%) <<}, the indirect recombination time in the
well, so that

ony’ n 4 (3b)
3  ATY-x¥) nx¥_xE) -
Also,
onk n? ng
X = L - X , (3¢)

dt oIV xB)

HETEROJUNCTION

FIG. 5. Schematic of a heterostructure showing electron con-
centrations ny, n ¥, and n and the various time constants asso-
ciated with generation and recombination processes, in our phe-
nomenological model.
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where (X2 —TY) is the spatially indirect recombination
time associated with electron transfer from the X-valley
of the barrier to the uppermost valence-band edge of the
well at I". In the steady state all time derivatives vanish
and Eqgs. (2) and (3) give

Go= |15 4 i )
o | ¥ XY x5 HXE2TY)

The direct photoluminescence intensity from the well ma-
terial is simply the branching ratio of (n} /7)) to G,.
Therefore

Ty (P) _ (np/Tp) — |14 n_,?/ v
I, Gy nFV T(XCW—>XCB)
ng v !
a¥ | 7x2TY) o

The electron concentration in the various valleys are
given by n ¥ =C(T)m ¥ exp{[¢, —EX(T,)]/kT}, where
J
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C(T) is dependent only on temperature, m} is the 2D
density-of-states electron mass at I', E.(T,) is the energy
position of the first quantum confined electron state in
the I" quantum well, and ¢, is the electron quasi-Fermi-
level. Therefore the pressure dependence of the photo-
luminescence intensity for a heterostructure having band
configurations as shown in Fig. 1(a) is given by

Iiy(P)

0

~(1+ Ay exp{[EX(T))—EZX)]/kT})" " .
(6a)

Note that EX(T";) and EZ(X,) now refer to the energies
of the lowest quantum confined electron state at I' in the
well material and at X in the barrier material, respective-
ly. Note further that at P=P,, where crossing occurs,
EX(T',)=EJ(X,); however, this does not imply an equal-
ity of barrier and well band gaps. Rather,
EP(X)=E(T')+AE, at P=P,, as can be seen from
Fig. 1(b). The coefficient Ay; in (6a) is given by

= mg ™ 1+ my | | 7Xe =T (—{[EX(X)—EEX))1/kT}) (6b)
= x - o ’
W=\ | i) mf | [raFoxpy [T TR

For the present heterostructure E”(X)—Ef(X,)~0.064
eV, as seen in Fig. 1(a). Therefore the exponential factor
in Ay is e 2%=7.73X 1072 at room temperature. Fur-
ther, the spatial and momentum indirect recombi-
nation is expected to be quite long. In general,
(XETW)~7 %X —>TY)exp(kLy, /2), where 7§ is
the indirect-band gap recombination time for the well
only and exp(kLy /2) arises from the probability of
finding the evanescent X_-barrier electron at the center of
the quantum well. [Recall that the X-conduction-band
edges are assumed to have a type-II alignment, as is
shown in Fig. 1(a).] The inverse decay length «
=2m*/#)E¥(X) — EBXx)]"? = 1.26 X 107cm ™.
Given Ly =175 A, we find that exp(kLy /2)~e*"!
~1.11X 102 The thermalization time #(X” —X2) <«<7¥
(the indirect recombination time for the well material)
and the X-electron masses mZ,my) are comparable,
therefore the second term in Eq. (6b) is dominant.
Hence, in the present structure:

i
XY -x2%)

. —([EX X -EB X ))/kT)
HI &~ .

my’
mp’

The fitting parameter Ay, for the heterostructure photo-
luminescence pressure dependence therefore gives infor-
mation on the ratio of the direct band-gap well recom-
bination time to the X-valley electron thermalization
time. Using the measured Ay;=60 along with
my=0.08m,, mp¥=0.062m,, and exp{—[EX(X)
—EB(X,)1/kT} = exp(—2.56), we get

XY >x2)=1074¥ . @)

Since 7'~ 1-10 ns, we find the X-valley well to barrier

f

thermalization time 7(X” —X2)~10712-10"1 s, which
is in good agreement with typical acoustic phonon emis-
sion times.?

In summary, we have measured the hydrostatic pres-
sure dependence of the photoluminescence intensity
and peak emission wavelengths for pseudomorphic
Ing ,Ga, g3As/Aly 3,Gaj ¢gAs multiple quantum wells. A
direct comparison of the pressure dependence of the
lowest-direct-band-gap emission intensity beyond an ob-
served I'-X crossing shows that the observed crossing is
not due to conversion of the quantum well only. This re-
sult implies therefore the crossing of the X, -electron state
in the Al ;,Ga, ¢sAs barrier with the I'j-electron state in
Iny ;Gag g3As well, from which we extract a value of
AE,=(0.157%0.025) eV for this heterostructure. These
experimental results are in good agreement with the ob-
servations at Wilkinson et al.!” A phenomenological rate
equation method has been used to obtain the pressure
dependence of the direct-gap photoluminescence (PL) in-
tensity for a quantum-well structure. The model shows
that in the present heterostructure the PL-intensity data
give a measure of the ratio of the direct-gap recombina-
tion time for the well 7 to the X-valley electron thermal-
ization time (from well to barrier), 7(X”” —X2). We find
that (X”—X2)=10"*. Given 7f¥~1-10 ns, this re-
sult implies that 7(X* —X5)~10712-10" s, in good
agreement with acoustic-phonon relaxation times.
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