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Abstract. Pseudomorphic strained-layer Al,Ga;.4As/In,Ga;_,As/GaAs heterostructures have been studied
by means of photoluminescence and Raman scattering. It is established the correlation between the
photoluminescence line shape changes and the Raman spectra modification when the quantum well
width is below the critical layer thickness estimated to be of 25 nm for y = 0.1. The photoluminescence
feature observed for the InGaAs quantum well width equal to 20 nm as extremely narrow exciton-like
peak with the full width at half of maximum equal to 1.5 meV at low temperature (7 = 6 K) transforms
into broad band of the full width at half of maximum equal to 16 meV when the quantum well width
reaches the value about of 12 nm. The photoluminescence line shape broadening is accompanied by the
modifications of Raman spectra. A new line arising at the spectral position v =160 cm™! is assigned to
impurity-induced longitudinal acoustic mode of InyGa;.,As. The changes observed in optical spectra are
related to the generation of defects in the under-critical layer thickness region.
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1. Introduction Below the CLT a high quality homogeneously strained
layers free of misfit dislocations are expected. A strong

Pseudomorphic modulation-doped AGaAs/In,Gay yAs/ single and narrow excitonic emis;ion line from the QW is
GaAs heterostructures contain the strained semiconductg typical feature of the photoluminescence (PL) spectrum
layer due to the 6-7% mismatch between the lattice constafftghis region of QW thicknesses which reflects a high in-
in GaAs and InAs [1]. The strain leads to accumulation dgrfacial quality also [9]. The reported values of CLT are
elastic energy which can be partly released through the g&f@rkedly scattered being determined by different experi-
eration of various defects [2]. The relaxation threshold dg2ental techniques (PL, X-ray (double crystal) diffraction,
pends on the growth conditions (temperature, growth raﬂé?‘” effect, transmission eleptron microscopy, reflection
substrate orientation) [3], In content and is characteriz&gh energy electron diffraction, cathodoluminescence or
by certain critical layer thickness (CLT) [4], which in turnR@man scattgrmg) dueT to either the dlfft_arent resolution of
is equivalent to a critical strain energy. A substantial amoufitéthod or different criteria used to derive the CLT. For
of work has been done in characterizing InGaAs/GaAs sindGaAs heterostructures the CLT dependence is strongly
quantum wells (QW) [5-7] and the results were a|Waygeterm|ned by the mole indium fr_act|0n and reveals a
related to CLT. When the layer thickness is significantljemarkable change gt- 0.35. In particular case p 0.1
larger than the critical one the formation of misfit dislocal® CLT was estimated to be of 25 nm [10]. Indeed the PL
tions generated at the interface or at the surface is expeciégfsurements for the QW of 20 nm width have shown an
which are believed to penetrate the entire layer thickne§citon-like peak accompanied by a weak and comparatively
releasing the accumulated strain energy. This simplified piefoad low-energy structure, ascribed to the two-dimen-
ture was argued by Brafman et al. [8], who suggested that §{@nal-electron gas (2DEG)-hole bound to acceptor transi-
dislocations do not diffuse through the entire layer, and t&@ns. However further diminishing the InGaAs layer thick-
defects are not mobile. The step-like profile of the strain w&$SS iS expected to result in a strong broadening of the PL
assumed: a lower strained thin layer is formed and the grovj@ture in the under-CLT region. This broadening can not
continues preserving the larger lattice parameter until the elagt® @scribed to the dislocation generation and has to be
energy becomes too large and the next step takes place. connected with potential fluctuations, indium content varia-
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tion and interfacial roughness. By means of nondestructiwthin the spectral range 100-400 énThe scattered light
(PL and Raman scattering) study we intend to trace hemas analyzed with a double monochromator and detected
the correlation between the PL line shape and behavior mf photon-counting electronics. In order to avoid the sample
phonon spectra of pseudomorphic modulation-dopeslerheating the laser radiation was focused through a cy-
Al1,GaAs/In,Ga.yAs/GaAs heterostructures. lindrical lens.

2. Experimental details 3. Experimental results and discussion

The samples used in this investigation are pseudomorpicPL study

InyGa;.yAs modulation-doped quantum wells grown onp

y=ry ; . . - The PL spectra for AGa ,As/In,Ga; yAs/GaAs hetero-
semi-insulating, (100)-oriented GaAs substrates in a Rib t ith ; W width y d at |
32-P gas-source MBE (GSMBE) system. The typical e Slructures wi varying QW width were measured at low

taxial layer sequence consists of a GaAs buffer layer p1!'emperatureT = 6 K and at the same excitation intensity.
. ' ically the spectral line shape changes with the intensit
undoped InGay.yAs strained QW (2DEG channel), angmIO y P P g Y

AlGar A doped As heavily Si increase due to hot carrier contribution, however no notice-
x28xAS Undoped spacer, an Ma,As heavily Si- ble shift of the PL peak is observed in the samples under
doped supplier layer, and a Si-doped GaAs cap layer. T

2 sideration. Fig. 1 shows the single-peaked PL spectra
range of AlGayxAs and IRGay.yAs layer compositions for three representative samples with the InGaAs QW width

spreadsinto 0.16x< O.ZQ and Q.OBys 0.2_0, resp_ectively. equal to 20 nm (S1), 15 nm (S2), and 12 nm (S3), respec-
Double-crystal X-ray diffraction and simulation of thetiyely. The Si-doping in AlGay_,As layer provides the cor-

double X-ray rocking curve were used to verify the SarT?IOleFestponding QW conduction band filling with electrons of
structural parameters. The measurements were carried ou

with a Bede Q1B X-ray diffractometer using the symmetric
(004) reflex. The X-ray patterns were indicative of the high ' '
quality of the structures under investigation. The structural
parameters of the samples determined from this study are
listed in Table 1 together with the electron denshigand
the dc mobilityuy. of the 2D electrons, obtained from the
low-field Hall measurements down to 4.2 K. The PL was FWHM 1.6 meV
excited by the 514.5 nm line of a cw*Aaser. The PL >
signal was dispersed through a 3/4-m Czerny-Turner scan-
ning spectrometer, with a spectral resolution better than
0.1 meV, and detected using phase-sensitive detection with _ J \

S1

a thermoelectrically cooled photomultiplier tube (containing
a GaAs(Cs) photocathode) or a4 dboled high-purity Ge
detector. The samples were mounted in an Oxford Spect-
romag 4000 system, which allows measurements in mag-
netic fields up to 7 T and at temperatures from 1.7 to 300 K.
Raman scattering studies were performed using the 514.5
nm line of argon-ion laser. The room-temperature
measurements in backscattering geometry were carried out

PL signal, a.u

FWHM 9 meV

Table 1. Sample Parameters.

Samples S1 S2  S3 i
GaAs:Si d(nm) 5 5 5 i
(cap layer) Np (10®cm®) 25 25 25 5
Al,GarxAs:Si d(nm) 35 35 35 :
(supplier layer) X 0.20 0.20 0.20 [
No (10%cm® 20 0.2 0.2 e
AlGarAs d(nm) 75 715 15 g .
(spacer layer) X 0.20 0.20 0.20 1.38 1.4 1.42 1.44
InyGaiyAs d(nm) 20 15 12 Photon energy, eV
(quantum well) y 0.10 0.10 0.10
GaAs d(nm) 200 200 200

Fig. 1. Low-temperature PL from three representative samples of
(buffer layer) & P P P

Halldata  Ns(10"cm?) 7.02 25 6.3
(at 12 K): pge (10°cm®v™'s™) 59 3 40

pseudomorphic modulation-doped Al;.xGayAs/In,Ga;_yAs/GaAs
heterostructures with different InGaAs QW widths at 7= 6 K. The fit to
Eq. (1) is shown by dashed line.

104 S00, 2(3), 1999



Z.Ya. Zhuchenko et al.: Optical characterization of pseudomorphic heterostructures...

the sheet densityls = 7.0210M cni2, Ng = 2.5010 cnm2,  magnetic field as high & = 7 T. The Landau-level fan
andNg = 6.3010 cnT? found from the Hall measurementscorresponds to the indirect off-diagonal transitions, allowed
(see Table 1). The presence of the 2DEG modifies stronglye to impurity-assisted free carrier scattering. Indeed at
the potential profile at AlGaAs/InGaAs interface and givelow temperatureT = 6 K) only the ground levé, = 0 (Ny,
rise the energy levels falling down deeper in comparisatenotes the Landau number for the hole states in magnetic
with the case of empty QW. Due to strain the valence bafidld, while N, is the Landau number for the electron states of
is split, the light hole subband being the order of 60 metbnduction band) is occupied. Electron-hole recombinations
below the heavy hole subband. Nominally the direct transre expected to arise from the primaly= 0, - N, = O,
tions between the@ = 1 electron subband and the= 1 transition and secondary from the off-diagonal transitions
heavy hole subband with the momentum conservation dg - 0, 2. —» 0, etc, which are nominally forbidden by
allowed. In fact the photoexcited holes rapidly relax to theonventional selection rulé, - Ny| = O for optical transi-
top of valence band, and the transitions of the carriers wiilons in magnetic field [12]. Theés K peak intensities of
k ~ 0O are actual only. these forbidden transitions do not follow a Boltzmann dis-
This case is represented by Fig. 1, where very narrotipution, but are determined by the off-diagonal transition
with the full width at half maximum (FWHM) ~ 1.6heV, matrix elements. Inasmuch the presence of these transitions
PL peak is observed (Sample S1). This exciton-like featugéve evidence for the impurity and defect appearance in the
proves the high quality both of the QW and of the intethGaAs QW. Besides we observed that the principal transi-
faces. Indeed, the presence of the 2DEG of sufficiently higion 0, — G, in the PL spectrum is accompanied by the
density Ns = 7.0210 cnv?) would result in broadening low-energy band, which can be related to the exciton-like
the corresponding PL feature due to breaking th&tate. Really the study of the free-carrier screening effect in
momentum conservation law, caused by the available dehottky-gated modulation-doped,®g;_,As/InP QW has
fects and imperfections. Typically this breakage leads to tebown that exciton contribution to the PL exists up to the
all electrons withk values spread up to= kg ~ 21° el carrier densit\Ns = 3710 cnt2 [13]. Exciton is expected to
become involved into the optical transitions and the PL fele localized due to hole localization by alloy fluctuations.
ture is tailed up to the Fermi enerdsg). Using the simple The growth of density of fluctuations in QW is revealed
relation between theEE - Ej) = mi°NgJme for the case also by the analysis of the high-energy part of the PL fea-
with the single occupied electron subbakgl one can ture when magnetic field is not applied. This part is accu-
find Er = 23 meV if the electron effective masa.() in a rately fitted to the theoretical line shape [11].
strained-layer lgGa; yAs QW withy = 0.1 is taken to be

&
0.068. The effect of impurity scattering is to broaden th
electron and hole levels, and to introduce additional higher4 (€)1 If(T ~Hy )f(“: -T- p )K (e,7 ), @)
order impurity-assisted processes. The interference between 0

the two possible channels each involving an electron- @jere is the photon energy minus the effective band gap,
hole-intermediate state into the indirect process turns outd@s ihe Fermi distribution function,; and g stand for
subtract intensity from the low-energy side of the photong,emical potentials in thpth valencej and thieth conduc-
emitted and to add it to the high-energy side. Therefore thg, bands, respectively. The LorentzKmccounts for the
impurity-assisted process yields significant shifting anfrgcesses associated with direct transitioris space and
broadening of the spectral profile [11]. Taking into accourggirect impurity-assisted processes. Following the proce-
the absence of the broadening caused by impurity-assisigfe described in Ref. 11 the fit was performed for the line-
processes as well as the absence of a noticeable shift Oféhﬁpe of PL excited by a low-intensity cw laser. The set of
PL maximum from the low-energy cut-off we CO”C|Udeparameters was derived from the f; =1.394 eV, T =
about the exciton-like nature of the PL which is expectefh 5 ey [ is the FWHM value)Eg = 10 meV. TheEr
for the under-CLT region and is representative for the high{); e obtained coincides good with that found from the self-
homogeneous InGaAs epilayer. consistent solution of Schrodinger and Poisson equations
Fig. 1 shows also the PL feature for InGaAs QW ofg_ = 10.4 meV). TheEyis somewhat shifted towards the
smaller QW thickness g15 nzm) (Sample S2). The sheet dggy side (by 3 meV) with respect to the PL peak position.
sity is nowNs =2.5010'* ¢ only. One has to expect the Thjs js a consequence of 2D-carrier scattering by the charge
PL feature of a FWHM value, at least, similar that for QW nrities, which depends strongly on the thickness of the
width equal to 20 nm. However the PL feature observed d3cer Jayer. These findings give us ground to state that the
broader substantially, FWHM ~ 12 meV, with clearly visyigh energy side of the PL profile is mainly defined by the
ible low-energy asymmetry. When the excitation intensit¥jectron-hole recombination accompanied by impurity and
is elevated the obvious symmetrization of the PL profilgjsqrger-assisted processes, which results in broadening and
takes place due to hot carrier contribution into the highyeshifting the PL line. The low-energy tail of the PL fea-
energy tail. The reason for smearing the low-energy cut-qfire of sample S2 is contributed by exciton-like effects.
at the low excitation level can be the generation of defec(ﬁ%nsequently this spectrum, in spite of lower 2DEG densi-
or excitonic contribution. Indeed the measurements of “f;‘?with respect to that depicted for the sample S1, shows a
PL response in magnetic fiel)(show a characteristic ripple significantly larger FWHM (by one order of magnitude),

of the PL line shape towards the higher energies, whighijaed obviously to the growth of QW disordering with
transforms into well-resolved Landau-level structure ’f'Himinishing the QW thickness.
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The tendency found is held for the Sample S3 where the Lo,
QW thickness is of 12 nm ard, = 6.3010' cm?, being o
practically the same one as in Sample S1. Sample S3 shows 'y
in the low-temperature PL spectrum a pronounced knee at Y

the Fermi energy. The FWHM value is of 16 meV. Thes

spectrum observed is typical for strongly disordered QW%“ O

The line shape is fitted precisely to Eq. (1). A magnetolumi-g ¥

nescence study shows that the structure of PL spectra f

magnetic fields is determined both the 2DEG behavior and S1

by the presence of localized holes. The conditions for hol&
localization can be explored by means of optical detection
of the quantum oscillations via PL in a magnetic field
[14,15]. The quantum oscillations in PL intensity with the
Fermi sea reveal two distinct periods iB 1This behavior

is attributed to the existence of two sorts of hole localization:
a shallow one, primary resulting in the hole scattering, and 240 260 280 300 320
a deep localization resulting in a 10meV shift of the quan-
tum oscillations. This latter strong hole localization is caused
by the aI_on ﬂUCtl_JatIOI’]S, caused in par_t by the In con_teq;lg. 2. Unpolarized Raman spectra of AlyGa;.4As/In,Ga;.yAs/GaAs
the density of Wh_ICh becomes substantially enhan(:.eq "T] tﬂ:?erostmcture recorded at room temperature. The GaAs-like LO mode in
QW of smaller WldthS. So, we conclude here th.at dlmmlsqﬁGaAs and in AlGaAs are shown by arrows. The deconvolution of super-
mg of the QW width favors the groyvth OT potentlal fIl“lcn‘la'imposed peakes is shown by dashed lines. TO mode is observed at v =
tions, contributed by the fluctuations in thg®@,.yAs  ,ce o1

composition, the QW thickness, and the density of charge

impurities, just in the under-CLT region of QW thicknesse%

Raman shift, cri

lignment of measurement is slightly out of the backscatter-
B. Raman scattering study ing geometry, observed also in the resonant Raman scattering
F{ om mixed IRGay.yAs crystals [21]; the coupled LO phonon-
mon mode lobserved, both in-type ALGaAs [19],

in the InAs epilayer with the carrier concentration
&gﬂloﬂ cn3 [22]. The deconvolution of the superimposed

The samples investigated by PL were studied then by
man scattering technigue. The unanalyzed spectra have bl
recorded at room temperature. The strained InGaAs Q

as thin as 10-20 nm, clad by a thicker doped AlGaAs lay _ .
is difficult to investigate here due to the Al content use atures in the spectral region 280-300"cand subsequent

about of 20% does not provide a sufficient distinction b@_nalysis of the Raman line shape was performed using the

tween GaAs-like longitudinal optical (LO) phonons in théechn?que developed by Mintairov and Temkin [18]. In this_
InGaAs and barriers. While the In content is about of 10(t/§chn|que the. frequenpy dependence of the scattering effi-
the GaAs-like LO-phonon frequencies of the well are ve:goency for a d|pole-_act|ve Stoke_s comppnent of the Raman
close to those of bulk GaAs [16]. Fig. 2 shows such superi pectrum of a multimode alloy is described by

posed spectra for three representative samples under inves- 0 0
tigation in the spectral region of the GaAs-like LO phonon. O ) O
Because the backscattering from (100) surface is consiﬂ-“’)mmé*’zKﬂj(w)ﬁ/ 5((‘*‘1)*'2([{]) X;@0G (2)
ered the transversal optical (TO) modes of GaAs are nomi- U J J %
nally forbidden. TO phonon modes are allowed only in (011) i o ) )

and (111) backscattering. Therefore, the Raman measurem¥ffi§re &(@, q) is the dynamic dielectric function of the
have to be made at least in two different backscattering pla/f¥stal.j specifies the optical phonortsjs the wave vec-

to identified all the phonon modes allowed. Moreover the idef2" Xi(<) is the phonon susceptibilities, and the coefficients
tification of the phonon modes in Ba ,As by Raman stud- K; are expressed through the phonon oscillator strength and
ies has differences as summarized by Nash et al [17]. BBE Faust-Henry parameters [18]. The results of analysis
cause the Raman spectra contain convoluted bands the Iiffél P& presented elsewhere. Here we use the frequency of
shape analyses is needed in deconvolving the complicafég”S-like mode derived from the line shape analysis. It
spectral responses and obtaining the precise and reliabfincides closely with that found from the «spatial
phonon frequencies [18]. The spectral feature=285 cmt corre_latlon» mpde_l [23], wh|c_h using a Gauss_lan correlation
is related to the GaAs-like LO mode in, Sl ,As, which function quantlltatlvely explains the broadenlng. and asym-
was identified following the Raman scattering studies in Metry of the first-order LO Raman spectrum induced by
type andp-type ALGay,As layers [19,20], and it corre- allpy potential fluctuations. Then Raman intensity can be
sponds to the Al molar fraction= 0.2. We have also ob- Written as [23]

served the pﬁ&k corresponding to the AlAs-like LO phonon 1 1

at v = 365 cm* which is broad and strongly weaker than _,272 {[ _ 2 2}_ 3

that atv = 285 cm'. The feature at = 270 cmt is contrib- I(w)[] IeXp( U w(Q)] * (FO/2) 46

uted by different modes: the TO phonon of GaAs due to the
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Herel g is the FWHM of the intrinsic Raman line shape ond when the dislocations are not more threatened the
the end-point materiald, is a correlation length, and theepilayer quality below the CLT a new sort of defects arises
dispersiona(q) of the LO phonon is taken as for a onewhich results in the layer disordering for the smaller layer
dimensional linear-chain model. Being applied to our Ramahicknesses. These defects do not influence substantially the
spectra Eq. (3) shows different correlation length for th&llowed phonon modes, but favor to appearance of the for-
GaAs-like mode in InGaAs layer, decreasing for the smalléidden modes. Our Raman measurements give evidence for
QW widths. This reflects the decrease of ordering in trguch conclusion.

InGaAs epilayer with decrease of its thickness. The fre- Fig. 4 depicts the Raman spectra in the region below
quency shift for the allowed LO phonon caused by strain 200 cm?. It is clearly seen that the spectral feature at

given by [16] v = 160 cmt gradually develops from a practically indis-
tinguishable from the background noise level for the Sample
W= E,ngﬁ S (4) S1 to well pronounced peak for the Sample S3. The peak
o Wy EEH +SH around 160 cm was first reported by Kakimoto and Katoda

[22] when the Raman spectra from Gbn,As epitaxial
wheree is the straingy is the zero-strain frequency of thelayers of various compositions were studied and was
LO mode, andx and 3 are phonon coefficient related toconsidered as the disorder-activated longitudinal acoustic
frequency changes in the presence of uniform st&in. (DALA) phonon of Ga,,In,As, because its intensity was at
andS,, are the compliance constants, which are expressegximum near the middle-range composition. Then the
through the elastic parameters. Fig. 3 shows the phonDALA phonon was identified in the resonant Raman scat-
frequencies found for our samples, and those for the thigring at the saddle-point singularity in,Gg_,As which
strain-layered lyGay.yAs films, grown on GaAs substrateswas of a very weak intensity at ti#41 eV laser energy,

[6]. Comparing the results we conclude that our samplgsit become enhanced near Bygyap for the 15,Gay 76AS
should be indeed refered to the perfect epitaxy. No visibéample [21]. In the case of §rxGay 47AS this feature was
strain relaxation can be derived from the Raman scatterisgserved as a strong one far from resonance and become
data: the layer with the perfect epitaxy is under the largésirther enhanced near tkg gap. We find here that DALA
compressive stress, which shifts the phonon frequenciespidonon develops clearly in the sample, where the PL
higher energies, as can be seen from Fig. 3. The simil@sponse also signalizes about QW disordering. So the
conclusion can be derived also from the comparison of ogrrelation between the PL and Raman spectra observed in
data with those obtained by Gilperez et al. [24] for pseudeur Al,Ga,.As/In,Ga;.,As/GaAs heterostructures appears
morphic InGaAs/AlGaAs heterostructures. It should be be very indicative for the QW quality in the region of
noted here that Burns et al. [6] using the Raman techniq@&v widths far beyond the CLT. Other peaks observed be-
and X-ray rocking curve technique have found the CLT faow v =160 cm! can be assigned in part to the disorder-
the y= 0.1 strain-layered yGa;.,As films grown on GaAs activated compound modes, and in part their origin is not
substrates has to be between 150 nm and 250 nm. This lajigirexplored. The peak at=160 cm! can be contributed
value strongly exceeds that obtained in our analysis, abeiléo by the 2TA (transverse acoustic) mode of InGaAs, ac-
of 25 nm, and mirrors the difference in the CLT definitiontivated by disorder.

In fact the change of the layer thickness shares among
numerous defects which can be generated during the growth,
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Fig. 3. The GaAs-like LO phonon frequencies in InGaAs derived from Fig. 4. Raman spectra for three representative samples in the spectral re-
the measured Raman spectra and those from Ref. 6 versus the InGaAs  gion of defect-activated acoustic modes of InGaAs.
layer thickness.
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