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High-pressure study of optical transitions in strained Ing ,Gag As/GaAs multiple quantum wells
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We have measured low-temperature photoluminescéPiceand absorption spectra of JgGay gAs/GaAs
multiple quantum wellSsMQW’s) under hydrostatic pressures up to 8 GPa. In PL, only a single peak is
observed below 4.9 GPa, corresponding tortkel heavy-holgHH) exciton in the InGa; _,As wells. Above
4.9 GPa, new PL lines related &-like conduction band states appear. They are assigned to the type-Il
transition from theX; states in GaAs to the HH subband of thg@a, _,As wells and to the zero-phonon line
and LO-phonon replica of the type-I transition involving %gy valleys of the wells. In addition to absorption
peaks corresponding to direct exciton transitions in the wells, a new strong absorption feature is apparent in
spectra for pressures between 4.5 and 5.5 GPa. This absorption is attributedpsetigedirectransition
between the HH subband and thg state of the wells. This gives clear evidence for an enhanced strength of
indirect optical transitions due to the breakdown of translational invariance in MQW structures. From experi-
mental level splittings we determine the valence band offset and the shear deformation poteKtstbtes in
the Ing ;Gay gAs layer.[S0163-18206)07443-7

[. INTRODUCTION One would therefore expect some oscillator-strength en-
hancement for the pseudodirect optical transitioks)(in

The In,Ga;_,As/GaAs multiple quantum wellMQW)  the wells. Up to now, however, no clear evidence for such an
system has been extensively studied in recent years maingnhancement has been found in QW structures of indirect-
due to its technological importance in heterostructure laseband-gap materials.
design'° In this system the IpGa, _,As layers are strained In this work we report the pressure dependence of
provided the layer thickness does not exceed thdow temperature PL and transmission spectra of a
composition-dependent critical value for lattice relaxafion. Ing  Gay As/GaAs MQW system up to 8 GPa. The large
The electron states are modulated both by the strain and dyand gap of the GaAs substrate compared to the energies of
the periodic potential along the growth direction. Variousdirect optical transitions between well states allows us to
optical methods have been used to investigate the bammieasure the absorption of the wells without the need to re-
structure and intersubband transitions in strainednove the substrate. The sharp exciton peaks observed in ab-
In,Ga;_,As/GaAs MQW’s at ambient pressufé® as well  sorption broaden significantly above the pressure-induced
as at high hydrostatic pressufe?° Most of the high pres- T'-X crossover. This effect is attributed to a reduction of the
sure work is concerned with the direct transitions between
subbands at th& point. Under sufficiently high pressure a
reordering of different conduction band minima is induced in Gans aZ2AS GaAISnGaAfaAS
In,Ga; _,As/GaAs MQW'’s, known as thé&'-X crossover.

X-related indirect emission bands have been repdné&d,
but the assignment is still an open question.

Recent high-pressure photoluminescefieg) studies of
InAs monolayers embedded in GaAs have revealed spectral
features, which have led to a consistent picture for the energy
levels in such structuréd.Inspired by these results we pro-
pose for the I ,Gay jAS/GaAs MQW structure at pressures
below and above thd-X crossover the band alignments
schematically shown in Fig. % The arrows indicate optical
transitions, and their assignment will be discussed in detail
below. The X valleys in the highly strained LGa;_,As
layer are split into twofold degenera¥, and fourfold de- LH
generatéXyy states” The splitting of theX valleys is deter-
mined by the corresponding shear deformation potential. For FiG. 1. Sketch of the band edge profiles of the
biaxial compression th¥; states are higher in energy. In the In,Ga, _,As/GaAs MQW structure@ below and(b) above the
MQW'’s the X, states are folded back into thepoint due to  I'-X crossover pressure. Arrows indicate observed optical transi-
the lack of translational invariance along the growth axistions.
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exciton lifetime caused by'-X intervalley scattering pro-
cesses. Above thE-X crossover new features are observed
in PL spectra. These are assigned to the type-Il transition X, X
from the X states in the GaAs barrier to the heavy-h@t) MX;
states in the InGa; _,As well and to type-l transitions be- L .
tween Xy states and the HH states in the wdlt®mpare 1718 19
Fig. 1(b)]. A striking result of this work is the observation of —_
a pronounced absorption feature which is assigned to the % L 4.9 GPa >
pseudodirect transitioX5 from HH to X, states of the well. > . X o
We propose an explanation for the large oscillator strength, § X5 ’ 2
which is based on the formation of a resonant state related to E T 18 18 20 s
the X7 level of the well. From the differences X-related & 2
transition energies we determine the valence band offset g 50GPa &
AE, for the strained IRGa; _,As/GaAs interface and the £ ' =
shear deformation potential fot states in the IpGa; _,As E A_ FE
layers under biaxial compression. 1W
Il. EXPERIMENTAL DETAILS "hezr | P=0GPa

The InGa,_,As/GaAs MQW sample was grown by ‘A? " In, ,Ga, gAs/GaAs
molecular-beam epitaxy at substrate temperatures in the A Y T=10K
range of 520-580 °C. The substrate was Cr-doped semi- 1A 18
insulating GaAs(001). The layer sequence consists of an ENERGY (eV)
undoped GaAs buffer layé®.7 um thicknesg 15 periods of
undoped I ,Gag gAs (8 nm) and GaAs(15 nm layers, and FIG. 2. Summary of photoluminescence and transmission spec-

an undoped GaAs cap layer. The indium concentration anf@ of the InGa, ,As/GaAs MQW sample at 10 K and different
the well widths were verified by double crystal x-ray diffrac- Pressures. The PL spectra have been normalized according to the
tion and liquid-helium-temperature PL measurements. respective strongest peak.

For pressure experiments the sample was mechanically
thinned to a total thickness of about Z@n, and then cutinto  shift is about 2 meV. With increasing pressure all the absorp-
pieces of about 100100 um? in size. High pressure PL and tion and PL features shift to higher energy.
optical transmission measurements were performed at Near 4.9 GPa the intensity of the HIPL peak decreases
T=10 K using a diamond-anvil cell in combination with a reversibly by about one order of magnitude within a pressure
helium-flow cryostat. Condensed helium was used as thgterval of less than 0.3 GPa. This behavior indicates the
pressure-transmitting medium. Pressure was always changegbssing ofI'- and X-related conduction band states. Two
at 300 K in order to ensure the best possible hydrostatigew emission linesX; andX,) appear above the crossover.

conditions. Pressure was measured using the ruby lumineshese shift to lower energies with increasing pressure at a
cence methdd with temperature correction of the pressurerate characteristic df-X indirect gaps in 11I-V semiconduc-

calibration according to Ref. 25. . tors. Near the conduction band crossover the absorption
The PL spectra were excited by the 488 nm line of anhands start to broaden significantly.
Ar* ion laser at a power density of about 10 W/niFor The pressure dependence of the main absorption and PL

transmission measurements white light from a tungsten Iampeak energies and of PL peak intensities is summarized in
was focused onto the sample forming a spot of about 3Fjgs. 3 and 4, respectively. For comparison, related energies
w#m in diameter. Both the PL and the transmitted light werefor bulk GaAs are also shown in Fig. 3. These are the direct
analyzed by a 0.6 m single-grating spectrometer equippeflee exciton energyFE) obtained from absorption edge mea-
with a GaAs photomultiplier operating in fast photon- syrements and thé-related excitorf* The solid lines in Fig.
counting mode. The transmission spectra were normalized i represent the results of least-squares fits to the experimen-
order to account for the spectral dependencies of all opticak| data using first or second order polynomials. Fitted pa-
components. rameters are listed in Table I.
Figure 5a) shows higher resolution PL spectra for pres-
Ill. RESULTS AND DISCUSSION sures above 4.9 GPa. In addition to the two main peéks
and X, there is a weak feature at the low-energy side of the
X1 peak. Deconvolution into two components was performed
Figure 2 shows representative PL and transmission speby least-squares fitting using Gaussian line profiles, as illus-
tra of the InGa; _,As/GaAs MQW sample measured at 10 trated by the dashed lines in Fig(@ The corresponding
K and at different pressures. At zero pressure three absorjpeak energies are plotted in Figbbas a function of pres-
tion bands are observed at energies below the direct band gapre. Within experimental uncertainty all thr¥erelated PL
of GaAs. These features correspond to direct transitionpeaks have the same pressure coefficient. The energy differ-
11H, 11L, and 23 involving the first and second electron ence between th¥; and X, transitions is about (@) meV.
and hole subbands. The emission line observed in PL spectfégure Hc) shows the ratios of peak intensities
at zero pressure corresponds to thel tfansition, its Stokes [ (X;)/1(X,) and 1(Xg)/1(X,) as a function of pressure.

A. Optical transition energies and intensities
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TABLE |. Coefficients describing the pressure dependence of

Ga, ;As/GaAs PL and absorption peaks of the,Ba; ,As/GaAs MQW sample
22 7 obtained from least-squares fits of a quadratic expression
E(P)=E(0)+a;xP+a,XP? to the experimental data.
Peak E(0) a; a,
(ev) (meV/GPa (meV/IGPR)
. 11H 1.3722) 104(2) —-2.1(5)
> 11 1.4332) 105(2) —-2.3(5)
E 22H 1.4732) 107(2) —2.3(5)
z FE 1.5102) 1122) —-2.1(5)
11H(PL) 1.3702) 1032) —2.1(5)
X, 1.891(4) —15(1)
Xo 1.8834) —15(3)
X, 1.8604) —15(1)
X3 2.03498) —16(3)
! . - ' L X 1.9712) 2 —13(1)?

2 4 6
PRESSURE (GPa)

8Reference 21.

FIG. 3. Energies of PL and absorption peaks of thenearly the same intensitigen the logarithmic scale of Fig.
In,Ga; _,As/GaAs MQW sample as a function of pressure. The4) and the same decreasing tendency with further increase of
solid lines correspond to the results of least-squares fits. The dashggtessure. The continuous intensity transfer from linel 1t
line represents the variation with pressure of fhX indirectgap in  |ine X, in the pressure range of the crossover is an indication
bulk GaAs. of mixing effects between conduction band states induced by

. the potential step at the QW interface. This implies that the
From 5 GPa to 8 GPa, thX;)/1(X) ratio decreases by x. emission involvesX, states. As schematically shown in
almost two orders of magnitude, wherebgs{y)/1(X,) is Fig. 1(b), the X, levels of the InGa,_,As layer are pushed
nearly mdep_endent of the pressure, except near the barub in energy due to biaxial compressfnOn the other
crossover point. hand, the GaAs layers act alls for electrons inX states.
The peakX; is therefore attributed to the type-Il transition
from X, states in GaAs to the HH states in the

An assignment of th&-related optical transitions can be NxGa;—xAs layers.
made by taking into account the PL intensity variations un- There is little intensity transfer betweent lndX, tran-
der pressure. FOP~P,, the crossover pressure, thg  Sitions. Furthermore, th&yy valleys in the InGa,_,As
emission appears as Strong as theéd m_eak (See F|g 4, well are located below th& states in GaAs. Thus thﬁz
whereas theX, emission is weaker by more than one order

B. Assignment ofX-related PL transitions

of magnitude. AboveP, the X, intensity decreases rapidly Frears @
within about 0.3 GPa, wherea§, decreases only very little Y S
in intensity. Above 5.3 GPa both th¢, and X, peaks have e
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10? L FIG. 5. (a Photoluminescence spectra of the
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In,Ga, _,As/GaAs MQW sample at different pressures above 4.9
GPa. Dashed curves represent fitted Gaussian line prdafieRres-
sure dependence of the PL peak enerdi®sPL peak intensities of

intensities of theansitionsX, and X, relative to that of theX, transition. Dashed
lines are a guide to eye.

PRESSURE (GPa)

FIG. 4. Pressure dependence of the PL peak
11H, X4, andX, features.
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peak corresponds to a type-l transition involviXg, and 0.4

HH states of the InGa; _,As layer. The fact that the ratio In, ,Ga, gAs/GaAs

[(Xg)/1(X,) is nearly independent of pressure suggests that o2 T=10K i

peaksX, and X, belong to the same type of transition. Fur- '

thermore, the energy difference betwe¥p and X, emis- 6.0 GPa |

sions amounts to 28) meV, which is close to the energy of O0F. .« v v s

LO phonons at thé& point of In,Ga; _,As alloys?® Thus, '

we attribute theX, andX, bands to the zero-phonon line and

the LO phonon replica of the type-I transition within the

In,Ga; _,As layers, respectively. The appearance of the

zero-phonon line is mainly attributed to compositional disor-

der in the InGa; _,As wells. 02r o]
The above assignment is consistent with the temperature . 30 |

dependence of PL spectra above Ih& crossover. The two oopt . Ly .

main features remain observable up to 80 K. However, the 11H oM

relative intensity of theX, emission decreases continuously 1L

with increasing temperature. This indicates a relatively small I

thermal activation energy for electrons in thgy valleys. In 00wt . . . N

fact, within the proposed level scheme tkgy states in the 1.55 1.60 1.65 1.70

In,Ga, _,As layer are only 8 meV below thé minimum in ENERGY (eV)

the GaAs barrier.

02} A

0.0:.-..|....|....|—_

OPTICAL DENSITY
N
)

FIG. 6. Exciton absorption spectra of the,®8; ,As/GaAs
MQW sample for different pressures. The solid lines represent the
C. Valence band offset results of line shape fits to the experimental da=e text for de-

The valence band offsefE, can be obtained from the tails).

energy difference of the peaks and X (X-related exciton
in bulk GaA9 as indicated in Fig. (b). If we neglect the tional disorder and well width fluctuations are responsible
small confinement energy of the first HH state and the diffor an inhomogeneous broadening of the exciton absorption
ference between the exciton binding energies in the MQWines2® An expression for the excitonic absorption line shape
and bulk GaAsAE, can be determined directly from the in QW's including a Gaussian line broadening has been
data in Table |, being §8) meV. For a similar MQW struc- given elsewheré’
ture it has been suggest8d® that the light holes are con-  The solid lines in Fig. 6 represent results of least-squares
fined in the GaAs layer rather than in thg ®a; _,As due to  fits using the line profile function of Ref. 27. For each exci-
the large strain effects. In that cagef, should agree with tonic transition the adjustable parameters were the exciton
the energy difference of the Hland 11 absorption peaks ground state energly, the exciton binding energl,, the
[60(4) meV]. This 20 meV discrepancy in th®E, values is linewidth I';, and a normalization facto€,. In fitting the
larger than the magnitude of the terms neglected in our calabsorption spectra above theX crossover, the indirect ab-
culation. The interpretation in Refs. 10 and 20 is based onlgorption tail of the GaAs substrate was taken into account by
on the agreement between the measured peak energies dntioducing a parabolic background teffrhe results of the
the results of &-p calculation. In contrast, our assignment fits are more accurate for theHland 2H excitons because
of X-related peaks results from the analysis of both the meathe peaks are better defined in the spectra. We discuss in the
sured energies and the temperature dependence of intensitiésllowing only the 1H and 2H excitons.
We conclude that the 11transition is still of type-I in the The pressure dependencies of the half-widffig) (of the
MQW structure investigated here. 11H and 2H exciton peaks are shown in Figgayand(b),
respectively. The inset shows the binding enekgyof the
11H exciton as a function of pressure. The solid lines in Fig.
7 are a guide to the eye. For pressures below(4.9 GPa
Figure 6 shows experimental absorption spectra for differthe width of the 1H (22H) exciton peak exhibits only a
ent pressures in the energy range below the absorption edgeeak dependence on pressure. Above #®) GPa the
of GaAs. The optical densityDy is given by Dy  11H (22H) exciton peak broadens significantly. From Fig. 3
=log;d lo(w)/1(w)], wherel(w) andly(w) are the trans- we can see that the lines corresponding to the energies of
mitted and the reference intensity, respectively, at energt1H (22H) and X; transitions cross at 4.%4.0) GPa. In
ho. other words, each time that an electron subband of the
The formation of two-dimension&RD) excitons in semi- In,Ga; _,As wells crosses th& valley in the GaAs layers
conductor QW structurés?®is evidenced by the sharp peak- the corresponding exciton line starts to broaden. We there-
like structures which dominate the absorption near the bantbre attribute the broadening of the exciton linedteX in-
gaps. According to Shinada and Sugdhdor each direct tervalley scattering of the carriers after theX crossover.
allowed excitonic transition between hole and electron sub- A pressure-induced exciton line broadening has been ob-
bands the absorption coefficient can be expressed as a sumsgived in bulk GaAgRef. 32 and Ge>3 where it is well
two contributions: excitonic discrete lines and the excitonaccounted for by phonon-assisted intervalley scattering
continuum. In MQW structures of ternary alloys, composi-theory3* The intervalley scattering involves, via electron-

D. Direct exciton absorption
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FIG. 7. Pressure dependence of the half-widthgapfl1H and FIG. 8. Absorption spectra of the |Ga; ,As/GaAs MQW

(b) 22H exciton lines. The solid lines are a guide to the eye. Thesample for pressures above 4.5 GPa. Spectra have been shifted ver-
inset shows the binding energy of theH xciton as a function of tically for clarity. Arrows indicate the energy oK; absorption
pressure. band. The inset shows the peak energy of transitlp<22H, and

FE as a function of pressure.
phonon interaction, the emission or absorption of proper
zone-edge phonons allowed by symmetry. The scatterin
probability increases with the pressure-dependéeX en-
ergy separatiof>*Using the phonon deformation potentials
obtained for bulk GaAs? we find a good agreement between
calculated and measured linewidth increase of thél 11
(22H) transitions for pressures lower than 6.5 G0
GPa. Nevertheless, the linewidth increases further beyon
these pressures. This is an indication that an additional sca
tering channel becomes active. As another possible mech%b
nism for intervalley scattering in MQW structures, we may
consider elastic scattering of carriers induced by interfac
roughness.

the well to thel point inducing a mixing between conduc-
tion band states. As a consequence of the mixing,Xhe
absorption acquires in part the character of a direct allowed
transition. However, given an J&Ga; ,As layer width of 8
nm and the typically small mixing potential ef1 meV, it
ould be difficult to explain the large oscillator strength of
{ge Xs-related absorption simply bly-X mixing effects.
~ We propose a different explanation, which takes into ac-
unt that theX; levels in the strained lfGa; ,As layers
are higher in energy compared to tKevalley in GaAs[see
ie:ig. 1(b)]. The In,Ga; _,As constitutes a potentidarrier
for electrons in theX valleys of GaAs having wave vectors

k||z. For such a quantum mechanical system there exist states

with energies larger than the barrier heigfiVy, but with
Above 4.5 GPa a new structure label¥d appears in  wave functions being fairly concentrated within the barrier.

transmission at energies higher than the PL peait GaAs.  These states correspond to tlesonancesn the transmis-

Figure 8 shows several absorption spectra measured at preson coefficient of the barrieP The first resonance occurs

sures, where th&; feature indicated by arrows is clearly for a wave vectork= /W, where W is the width of the

observed below the steep absorption edge of GaAs. We nota,Ga, ,As layers. The matrix element for direct optical

that the X3 feature is about as intense as theH2®8irect  transitions between heavy holes and the resonance state has

transition. The energy of th¥, transition is taken from the the fornt

zeros of the second derivative of the optical density with

respect to photon energy. The inset shows the pressure de-

pendence of th&X; peak energy together with the R2and - - - .

FE energies. The dashed line in Fig. 8 represents the pressutt™ Crystaf(:(z) er Xh(Z)dZ'funit Ce”u’c‘(r)uu(r)dr, (1)

dependence of th¥ exciton in bulk GaAs. The redshift of

the X3 transition energy with increasing pressure is charac-

teristic of al'-X indirect transition but its intensity is com- where e is the polarization vector of the lightj.,u, are

parable to that of the observed direct absorption peak®-type Bloch functions of conduction and valence band

Therefore, we attribute th€; band to the pseudodirect tran- states, andy.,x, are the electron and hole envelope func-

sition from a HH subband to the strain-spfi§ valley in the  tions of the second heavy-hole subband and the resonance

In,Ga; _,As layer, as indicated in Fig.(f). state, respectively. Since the integral over the Bloch func-
The breakdown of translational invariance due the potentions yields almost unity, the optical matrix eleméit is

tial steps at the heterointerfaces folds back Xpestates of essentially given by the magnitude of the dipole moment

E. Pseudodirect absorption related toX, well states
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taken between the envelopes. This matrix element has largaires three absorption bands have been observed below the

values of the order diV, the width of the InGa; _,As quan-
tum well.

F. Shear deformation potential for X states

From the energies of th¥; absorption an, emission
bands we obtain a splitting of 160) meV between the
X, and Xyy valleys in the strained lyGa;_,As layer. The
e:zgg%y separation of the spl valleys can be expressed
a

Xz=Xxy=—Eu(14+2C1,/Cyy) &y, 2

where E , is the shear deformation potential fir valleys,
C,; and C4, are the elastic constants of J@a;_,As, and
ey IS the built-in strain of the wells. For the allgg,; and

band gap of GaAs. These correspond to direct exciton tran-
sitions between quantum well subbands. When the confined
electron states in the l&a; ,As wells become, with in-
creasing pressure, subsequently degenerate in energy with
the X conduction band edge, the exciton absorption peaks
exhibit a pronounced broadening which is attributed tX
intervalley scattering. In the pressure range of 4.5 to 5.5 GPa
a new absorption feature is observed at energies higher than
the indirectl’-X gap of bulk GaAs but with the same nega-
tive pressure coefficient. We assign this feature to the
pseudodirectransition from the second HH subbandlato

a resonant state related to the levels in the InGa; _,As
layer. In this way, we have obtained evidence for an en-
hanced strength of indirect optical transitions induced by the
potential steps at heterointerfaces in a MQW structure. The

C1, values are estimated by linear interpolation of the GaAsjominant peak in the PL spectra for pressufes4.9 GPa

and InAs dat&® The straine,y is given by the lattice mis- corresponds to M transition. Above 4.9 GPa three
match between IfGa; - ,As and GaAs. In this way we ob- X-related emission bands appear. Their assignment in terms
tain a value of£,=5.5(4) eV for the shear deformation of spatially direct and indireck—T" recombination is pre-

potential ofX conduction band minima in gpyGay gAs. This

sented and the valence band offset is determined. From com-

result is in very good agreement with an interpolation ofpined PL and absorption results we determine the energy

theoretical values oE, for GaAs (6.0 eV) and InAs (3.7
eV) calculated within a tight-binding approathA some-

splitting between X, and Xyy states in the strained
In,Ga; _,As layers and obtain an experimental value for the

what Iarger theoretical value of 7.8 eV is reported in Ref. 37corresp0nding shear deformation potentia|_

IV. SUMMARY
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