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We have measured the narrowest half-width at half-maximum photoluminescence linewidth 
of 2.8 meV, in 40-period lattice-matched In o,53Gao.47As/Ino.52Alo.48As multiple quantum 
wells, grown by molecular-beam epitaxy with growth interruption. A simple analysis of the 
linewidth suggests that the structure has near perfect interfaces. Temperature-dependent 
photoluminescence linewidth data indicate impurity incorporation due to the growth 
interruption. However, the high quality of the multiple quantum well is not impaired as is 
seen in the room-temperature absorption data, where excitonic features up to n = 3 
sublevel are clearly seen. Carrier lifetime in this multiple-quantum-well system has been 
measured, we believe for the first time, using the picosecond photoluminescence correlation 
technique. A lifetime of 860 ps is obtained, which is similar to the value obtained for 
high-quality GaAs/AlGaAs and Ino.s3Gac4, As/InP quantum wells. This further confirms the 
high quality obtained in this ternary material system using growth interruption. 

I. INTRODUCTION 

Inc.;3Gac47As and In~.S,G~.47As/Ino.~2A10.48As multi- 
ple quantum wells (MQWs) lattice matched to InP have 
received a lot of attention for their application to optoelec- 
tronic devices for optical-fiber communication. By chang- 
ing the MQW parameters it is possible to change the emis- 
sion or absorption energy in the wavelength range of l.O- 
1.67 pm, which covers the regions of low loss and low 
dispersion in silica optical fibers. This multiple quantum 
well is grown entirely with a single anion species, which 
makes control of growth parameters and resulting interface 
quality easier compared to the more common 
Inc,Gac,,,As/InP system. This multiple-quantum-well 
system is being used in lasers,‘** detectors,3Y4 and 
electroabsorption/electro-optic modulators.5’6 In these de- 
vices the structural quality of the interfaces and optical 
properties such as the absorption coefficient, photolumines- 
cence (PL) intensity, and linewidth can play an important 
role. These properties are, in turn, intimately related to the 
growth techniques and parameters, source purity, and in- 
trinsic material properties. 

Other than some early photoluminescence and absorp- 
tion studies,7’8 there is no detailed report on the optical 
properties of the InGaAs/InAlAs/InP MQW system. An 
interesting and important feature of this InP-based system 
is that by increasing or decreasing the amount of In in the 
InGaAs( well) material from the lattice-matched composi- 
tion, the well region can be placed under biaxial compres- 
sive or tensile strain, respectively. Such strain dramatically 
alters the valence-band structure and thereby the optical 
properties.’ In this paper, however, we will confine our- 
selves to studies on the lattice-matched In0,53Gae47As/ 
Inc52A10,48A~ multiple quantum well. 

We have grown a series of Inc,53Gaa47As/ 
In0,52Alo,4sAs MQWs under well-controlled molecular- 
beam-epitaxial (MBE) conditions, to be described in the 
next section. We have made variable-temperature photolu- 
minescence and absorption measurements. The half-width 

at half-maximum (HWHM) linewidth of the exciton peak 
in the low-temperature PL is 2.8 meV, which, to our 
knowledge, is the lowest achieved in this MQW system. 
We have analyzed temperature-dependent linewidth data 
to obtain the homogeneous and inhomogeneous compo- 
nents of the linewidth and exciton lifetimes. Room- 
temperature absorption spectra clearly show .excitonic 
transitions up to n = 3, which also confirms the high qual- 
ity of the samples. Finally, we have measured the lifetime 
of carriers in MQWs by picosecond time-resolved photo- 
luminescence using the correlation spectroscopy tech- 
nique. lop1 ’ We find that the carrier lifetime in the MQW 
region is -860 ps. In what follows, MBE growth is de- 
scribed in Sec. II, the measurement techniques are outlined 
in Sec. III, the results are presented and discussed in Sec. 
IV, and finally the results are summarized in Sec. V. 

II. MOLECULAR-BEAM-EPITAXIAL GROWTH 

p+-i (MQW)-n+ samples were grown on Sn-doped 
n ’ -1nP substrates (Crystacomm) in a Varian Gen II 
MBE growth facility. The diodes are schematically shown 
in Fig. 1. The system preparation and growth is briefly 
described. The effusion cells without the crucibles are 
baked at 1400 “C for 10 h. Clean PBN crucibles are next 
inserted into the cells and are baked at temperatures rang- 
ing from 1300 to 1500 “C for 11 h. The growth charges 
consisting of 8N Ga (Alusuisse), 7N As (Johnson- 
Matthey), 6N Al (Cominco), 7N In (Johnson-Matthey), 
and the dopant species Si and Be are loaded into the indi- 
vidual cells, and the growth chamber is evacuated to 
- 10m9 Torr. It may be noted that before charging the In, 
it is baked for periods ranging from 24 to 48 h at 700 “C in 
an ultrapure H2 ambient. The chamber is then externally 
baked at 220 “C for 5 days. After removal of the baking 
shrouds and subsequent cooling, the vacuum in the cham- 
ber is usually in the range (2-4) x 10 - i’ Torr. The source 
materials are then baked for 6-7 h at 100-200 “C above 
their normal operating temperatures. The exception is As, 
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FIG. 1. Schematic of the p-i (MQW)-n diodes grown by molecular-beam 
epitaxy. 

which is baked at 40 “C above the operating temperature 
for 4 h. We find that the steps outlined above are crucial 
for the growth of InGaAs and InAlAs with desirable elec- 
trical and optical properties. A thick AlGaAs/GaAs layer 
is usually grown first in a newly prepared system. Several 
calibration growth runs are made to adjust alloy composi- 
tion and growth rate, and optimize the transport properties 
and radiative efficiency. In our growth system un- 
doped Ino.~3G%.~7As 1s usually n type with 
ND - NA = (0.9-3.0) x 1Ol5 cm- 3, ,uCLn (300 K) 
= 10500 cm2/(Vs), and ,u,, (77 K) =40000-50000 
cm’/( V s). In0,,,Ale4sAs grown under normal conditions 
has high resistivity. 

The 40-period 100-A/100-A MQW samples as shown 
in Fig. 1 were grown at a rate of 0.7 pm/h and at a tem- 
perature of 520 “C, as read by an infrared pyrometer. Prior 
to growth the (001) InP substrate was heated under an As 
flux to 540 “C until a clear (2X4) As-stabilized recon- 
struction was seen in the reflection high-energy electron- 
diffraction (RHEED) pattern. Growth commenced 
with a 0.3~km-thick Si-doped (4~ 10” cmM3) 
n+ - Ino.szAlo.4sAs iayer, followed b,y ten periods of Si- 
doped InGaAs (10 A)/InAlAs (10 A) superlattice. This 
superlattice serves two purposes: It smoothens the growth 
front after growing the buffer InAlAs layer since the mi- 
gration rate of Ga on surface is much larger than Al, and 
it also acts as a dislocation filter. The exact mechanism of 
this filtering is still largely unknown,” but it is believed 
that propagating threading dislocations are filtered and are 
prevented from reaching the active region. Forty periods of 
the MQW and the doped layers following it are then grown 
under identical conditions. It should be noted that to ob- 
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tain high-quality interfaces, growth was interrupted after 
each InAlAs layer in the MQW. Although this improves 
the interface quality, it also leads to increased impurity 
incorporation, and hence an intermediate value of 2-min 
interruption time was chosen. Following this MQW 
region, a 0.2~pm-thick Be-doped (2X 10” cm - 3, 
p + -Inc52A10.48A~ layer was grown, capped by a 50-A-thick 
p + -1nGaAs layer for achieving ohmic contacts. The V/III 
beam pressure ratio was 47 for the growth of Incs~Gac4,As 
and 5 1 for the growth of Ino,,2Alo,4sAs. Single-crystal x-ray 
measurements confirmed that the lattice mismatch Au/a, 
in the MQW was less than 10e4. 

III. MEASUREMENT TECHNIQUES 

A. Photoluminescence and absorption measurements 

Temperature-dependent PL and absorption measure- 
ments were made with a l-m Jarrell-Ash scanning spec- 
trometer. The sample is placed in a variable-temperature 
liquid-He cold-finger cryostat with temperature control 
from 8 to 300 K. For the PL measurements, dc excitation 
is provided by a 6328-A He-Ne laser, whereas for subpi- 
cosecond excitation a balanced colliding pulse mode- 
locked (CPM) dye laser is used. The luminescence is de- 
tected by a liquid-N,-cooled Ge detector. A tungsten lamp 
is used for the absorption measurements. The absorption 
measurements were further corrected for the lamp mission 
spectrum and the detector responsivity curve. 

B. Picosecond-time-correlated photoluminescence 
spectroscopy 

For high-speed optoelectronic device applications, it is 
important to measure and know the carrier lifetimes. De- 
pending on the type of device and its mode of operation, 
the temporal response is determined by a combination of 
radiative recombination, tunneling, trapping, scattering, 
and diffusion. The rate of these processes can be measured 
in suitably designed structures by observing the PL decay 
in the picosecond time scale with a sensitive and fast pho- 
todetector. A convenient arrangement is the streak camera. 
Unfortunately, this camera is not sensitive in the wave- 
length range coinciding with the transition energies in 
InGaAs/InAlAs MQWs. 

An alternative technique is the picosecond photolumi- 
nescence correlation spectroscopy (PCS) technique,“.” 
which gives the correlation of the carrier population if a 
nonbimolecular rate process (e.g., trapping, tunneling, 
etc.) also occurs in parallel with the radiative recombina- 
tion process. Two advantages of this technique are than an 
ultrafast detector is not needed, and therefore it can be 
applied to any wavelength range. The time resolution of 
this technique is limited only by the laser pulsewidth of the 
excitation source. Hence, picosecond time resolution is eas- 
ily achieved. 

The experimental schematic of the PCS technique is 
shown in Fig. 2. The intensity of luminescence from pho- 
togenerated carrier recombination in a semiconductor is 
proportional to the product of the population of the 
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FIG. 2. Experimental schematic of the time-resolved photoluminescence 
correlation spectroscopy setup. 

conduction-band electron density and the valence-band 
hole density. In the correlation scheme, two optical pulses 
are used, with a controllable delay r between them. The 
first pulse creates an electron and hole population ni (t) 
and pi(f), respectively. The second pulse generates 
n2( t + r) and p2( t + 7). The cross correlation of the two 
populations is obtained by measuring the nonlinear lumi- 
nescence signal by chopping the two beams at two different 
frequencies (f,,f2) and measuring the desired signal at the 
sum or difference frequency. lo This correlation signal 1( 7) 
produced due to these two pulses can be written as 

Z(r) a 
I 

[n1(t)pz(t + 7) + n*(t + Q-)p1(t) wt. (1) 

In our measurements the optical excitation consists of 
lOO-fs pulses (lOO-MHz repetition rate) at 620 nm (2.0 
eV) from a balanced colliding pulse mode-locked (CPM) 
laser. In the InGaAs/InAlAs MQW carriers are therefore 
generated throughout the absorption region. The photolu- 
minescence is collected and dispersed by a i-m Jarrell-Ash 
spectrometer. The luminescence is detected by a liquid-Nz- 
cooled Ge detector. The ring configuration of the CPM 
laser gives two synchronized beams. A computer- 
controlled delay is introduced in one of the beams. Both 
beams are modulated by acousto-optic (AO) modulators, 
which are driven by two outputs of a dual-channel fre- 
quency synthesizer in the frequency range of a few MHz, 
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FIG. 3. (a) Absorption spectra of Ino.53G~,4,As/Ino,52A1,48As MQW at 
room temperature showing up to n = 3 excitonic transitions. The calcu- 
lated transitions based on a finite-square-well model with AE, 
= 60%AEs are marked by arrows: (b) low temperature ( T = 8 K) pho- 
toluminescence measurement of the MQW showing a FWHM linewidth 
of 5.7 meV. 

and separated in frequency by l-50 kHz, depending on the 
response speed of the detector. Lock-in detection was used 
at the difference frequency generated in a mixer using the 
inputs from the frequency synthesizer. Since the CPM laser 
has a l/f noise spectrum with the corner frequency at 
approximately few hundred kHz, this high-frequency mod- 
ulation, especially of the difference, results in vastly supe- 
rior signal-to-noise ratio as compared to 1-2-kHz modula- 
tion using mechanical choppers. Unfortunately, the low- 
noise Ge detector we have used for this measurement is a 
large-area detector and has a factory-preset high gain, 
thereby restricting its 3-dB response to about 1 kHz. 
Hence, the above-mentioned advantages of A0 modulation 
could not be fully exploited. 

IV. RESULTS AND DISCUSSION 

A. Absorption and photoluminescence 

The measured room-temperature absorption spectra at 
zero bias of the MQW sample of Fig. 1 is shown in Fig. 
3(a). The spectra contains excitonic features up to the 
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subband energy level at n = 3. Both heavy- and light-hole 
resonances are seen at n = 1 (or the ground state) and the 
next energy subband of n = 2, as well as the n = 3 heavy- 
hole resonance. The measured transitions compare very 
well with the calculated values based on a finite-square- 
well model using AE, = 60% of AE, for the InGaAs/ 
InAlAs material system as shown in Fig. 3. The data sug- 
gest a sample quality comparable to the best GaAs/ 
AlGaAs MQW reported in literature.t3 At low 
temperatures - 8 K, the various features in the absorption 
spectra sharpen along with the temperature-dependent 
shift in the energies toward the higher-energy side. 

The low-temperature ( T = 8 K) photoluminescence 
of the MQW sample is shown in Fig. 3 (b). The main peak 
is at the lowest energy of 0.834 eV. We believe that this 
peak originates from heavy-hole free-exciton transitions el- 
hh,. A small tail towards the lower-energy side is presum- 
ably from impurity transitions because of their increased 
incorporation during growth interruption. This will be dis- 
cussed more in the next section. Much weaker peaks are 
seen at higher energies. In order of their relative intensities 
(peak height) they are a broad peak at 1.508 eV, which 
originates from the doped In0,52A10,4sAs layers, a peak at 
1.105 eV, which probably originates from the superlattice 
buffer layer, and under picosecond excitation, another peak 
at 0.96 eV, which we believe originates from the higher- 
order e,-hh, transition. 

The linewidth [full width at half maximum (FWHM)] 
of the main ei-hh, peak in the 8-K spectrum is 5.7 meV, 
which we believe is the narrowest being reported until date. 
This further confirms the high quality of the quantum 
wells. The linewidth of the excitonic transitions is deter- 
mined by the InGaAs alloy quality, the InAlAs alloy qual- 
ity, and intrawell (interface roughness) and interwell size 
fluctuations. The linewidth due to alloy broadening is given 
by:14 

a,= J-d, 

where 

(2) 

AQW 1 a,=o;, A TX’ 
AQW 1 

02=a”Bz Am m- 

Here o$& and ffm represent the PL linewidth in the 
InAlAs and InGaAs, respectively. how represents the vari- 
ation of the electron-hole subband energy difference with 
variation in the alloy composition, and AB’s represent the 
variation in the band gap of the material with alloy com- 
position. e is the exciton fraction in the barrier. In addi- 
tion to a,, the fluctuations due to the interface roughness 
also affect the linewidth. The interface roughness can be 
described by two-dimensional islands (or valleys) of height 
S, and lateral radius S,. The linewidth is dependent upon 
both 6i and S2. Its dependence on S, is much more com- 
plicated. If S,- R,, (where R,, is the exciton radius), the 
linewidth is given by 

(3) 

where rh = separation between the electron and hole sub- 
bands, W = well size, and W, = mean well size of the 
quantum well. 

In the case of a MQW, an additional broadening arises 
due to the variation in W, from well to well. The linewidth 
limited by this fluctuation is given by an expression similar 
to Eq. (3). 

The dependence of the excitonic linewidth on alloy 
broadening and interface roughness in the InGaAs/ 
InAlAs MQW has been calculated by Singh and Bajaj. I4 In 
order to interpret the PL linewidth measured in this study, 
we need to know the values of oB1 and am The best values 
of excitonic linewidths measured in InAlAs and InGaAs 
are 8-10 and 1.5-3.0 meV, respectively. The linewidth in 
InGaAs represents that for a perfect alloy, while the larger 
linewidth in InAlAs has been associated with some clus- 
tering present in the system.15 For a 100-A quantum well, 
due to the high barrier discontinuities for the InAlAs/ 
InGaAs quantum well, only a very small fraction of the 
exciton ( -3%) penetrates and sees the alloy clustering in 
the InAlAs region. From Eqs. (l)-(3) the linewidth con- 
tribution due to the alloy quality of the structure is given 
by 0, - 2.5 meV. We therefore estimate that the contribu- 
tion of the interface roughness is about 3-4 meV to the 
total linewidth. We note that the linewidth due to a one 
monolayer fluctuation at the surface with a lateral exten- 
sion of the fluctuation which is equal to the exciton radius 
is -3.5 meV for a 100-A InAlAs/InGaAs quantum well. 
Based on our calculations, we conclude that the interface 
roughness at the InAlAs/InGaAs interface is described by 
two-dimensional islands which are one monolayer high 
(-2.8 A) with - 100-A radius laterally. This implies that 
the normal interface of the quantum well 
(InAlAs on InGaAs), which from kinetic considerations is 
smoother than the inverted interface (InGaAs on 
InAlAs), has a roughness of the order of a monolayer or 
less. The inverted interface has, at best, roughness of the 
order of a monolayer. Furthermore, there is negligible in- 
terwell size fluctuations. 

6. Temperature-dependent luminescence 
measurements 

Extensive studies have been made to characterize the 
low- and room-temperature excitonic properties in GaAs/ 
AlGaAs quantum wells. Very little work has been done 
with the InGaAs/InAlAs quantum-well system. The first 
analysis of excitonic absorption and PL data at low and 
room temperature in this QW system was reported by 
Weiner et a1.l and by us.i6 Excitonic linewidths, both ho- 
mogeneous and inhomogeneous, are of critical importance 
in the performance of modulation devices based on quan- 
tum wells. The linewidth controls the contrast ratio of op- 
tical modulators as well as the efficiency of self electro- 
optic switching devices proposed by Miller et al.” 
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minima. A value of haLo = 33 meV was used.” As was 
mentioned earlier, the growth interruption leads to an in- 
creased impurity incorporation. The tail on the low-energy 
side of the PL in Fig. 3  (b) probably arises due to these 
impurity bound transitions which are not ionized at this 
low temperature. If this broadening mechanism is ignored, 
the above expression fits the measured data with unreason- 
ably large values for Top Including the impurity broaden- 
ing and assuming an impurity level with an average bind- 
ing energy of -8.6 meV, the obtained fit is excellent as 
shown in Fig. 4. Exciton lifetimes are calculated from the 
homogeneous linewidths using the uncertainty principle. 
From the value of Fop, at room temperature, the mean 
exciton ionization time is about 150 fs. 

FIG. 4. Temperature dependence of the photoluminescence linewidth of 
the M Q W  sample (dots). The measured data is fitted to Eq. (4) (solid 
line), which also includes the impurity broadening. The fitting parameters 
are rlnhslm = 2.8 meV, rOP= 12.6 meV, rtmp= 8.3 meV, and (Eb) 
=8.6 meV. 

We have made PL measurements on the InGaAs/ 
InAlAs M Q W  samples in the temperature range 8-230 K 
with the system described in Sec. III. In analyzing the 
linewidth data, our interest focused on the heavy-hole ex- 
citonic transition which is dominant all through the tem- 
perature range. The low-energy side of the dominant 
heavy-hole transition overlaps with impurity bound- 
exciton transitions at low temperatures, while the higher- 
temperature spectra consist of both heavy- and light-hole 
luminescence peaks, with the light-hole transitions few tens 
of meVs away on the high-energy sides. Thus the high- 
energy sides were selected for curve fitting below 70 K, 
which is the critical temperature for the total disappear- 
ance of the impurity bound excitons and the occurrence of 
the light-hole transitions. Above 70 K the low-energy sides 
were chosen for the analysis to avoid the interference of the 
light-hole transitions. 

The temperature dependence of the heavy-hole photo- 
luminescence linewidth (HWHM) is shown in Fig. 4. The 
above-mentioned factors lead to an inhomogeneous com- 
ponent of broadening which is. temperature independent. 
As the temperature increases, due to the increasing phonon 
population, scattering by longitudinal optical (LO) pho- 
nons becomes dominant. This gives rise to the homoge- 
neous component of the linewidth broadening. An addi- 
tional inhomogeneous broadening arises due to the 
scattering of the exciton by impurity donors or acceptors. 
The total contribution to the PL HWHM can therefore be 
written as the sum of these three factors: 

I- 
r= r inhom + 

OP 
ho&?k= - 1  

+ rimpe(Eb)‘kT, (4) 

where wLo = longitudinal optical phonon frequency, 
(Eb) = average binding energy of impurity, F’s are the 
respective linewidth constants. 

At the lowest measured temperature of 8K, the PL 
HWHM = 2.8 meV was chosen as the Ii&,,,, component, 
as all other factors are not important, and from the exper- 
imental data, the HWHM value also seems to reach this 

C. Carrier lifetime in the M Q W  system 

So far, we have discussed only the t ime-independent 
properties of this material system. Considering the rela- 
tively greater difficulty involved in the growth of the 
InAlAs/InGaAs system, it is important to note that a 
quality of the interface structure as predicted by theory has 
been obtained. This should therefore be reflected in the 
dynamic properties of the carriers in the multiple quantum 
well. In particular, the carrier lifetimes should be about the 
same as those expected in any high-quality MQW, like in 
the GaAs/AlGaAs system. That is, due to the high quality 
of the interface, no additional trapping/recombination cen- 
ters at the normal or inverted interface, as well as in the 
well region, should be present. It is to be noted that the 
carrier lifetime in the quantum wells would be different 
from that in the bulk material because of the enhanced 
recombination rate. In order to determine the carrier life- 
time in the quantum well, the technique of photolumines- 
cence correlation spectroscopy (PCS) is used. As has been 
mentioned earlier in Sec. III, the small fraction of trapping 
processes which are inevitably present in an MBE-grown 
material help in generating the photoluminescence corre- 
lation signal. 

Figures 5 (b) and 5 (c) show the measured PCS signal 
at the two wavelengths corresponding to the energies of 
0.834 and 1.508 eV. Note that the actual correlation signal 
is symmetrical about 7 = 0. Here, only the part corre- 
sponding to positive delays r is shown. As mentioned ear- 
lier, the lower energy corresponds to the e,-hh, transition 
in the M Q W  and the broader one at 1.508 eV corresponds 
to the band-to-band transition in the p+ -1nAlAs layer 
(Fig. 1). Referring to Fig. 5(a), following the subpicosec- 
ond carrier excitation by the laser pulse, carriers are pre- 
dominantly generated in the top absorbing p  + -1nAlAs 
layer. The average optical power of 2  m W  per beam, fo- 
cused to an - lOO+m-diam spot, corresponds to a photon 
flux of about 1012 photons/cm2 per pulse. A small part of 
these recombine in the InAlAs region, and the remainder 
diffuse to and are captured by the quantum wells, which 
explains the very fast decay of the 1.508-eV luminescence 
as observed in Fig. 5  (b) . This capture process would there- 
fore give rise to a delayed rise in the time-resolved lumi- 
nescence of the n = 1 M Q W  transition and is manifested 
by the rounded top in the correlation measurement of Fig. 
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FIG. 5. (a) Schematic of the rate processes in the time-resolved photo- 
luminescence. (b) Photoluminescence correlation signal (dashed line) for 
the InAlAs band edge (1.508 eV), showing the exponential decay. The 
data are fit to the correlation of the solution of Eq. (5) (solid line) with 
a single time constant of r = (l/r InA,As + l/+,) - ’ = 228 ps. (c) Pho- 
toluminescence correlation signal correspondmg to the n = 1 excitonic 
transition (0.834 eV) in the MQW (dashed line). The data is fit to the 
correlation of the solution obtained from Eq. (6) (solid line), with the 
parameters rC,,, = 290 ps and r,ow = 860 ps. 

5 (c). The overall decay of the MQW luminescence is due 
to the finite carrier lifetime in the MQW. 

The experimental results can be analyzed quantita- 
tively on the basis of a simple two-level rate equation 
model, suggested by the schematic in Fig. 5(a), to extract 
the carrier-capture time and lifetime in the MQW system. 
We assume that the electron and hole populations remain 

close as the initial photoinjected carrier density is assumed 
to be much larger than the density of traps. One can there- 
fore write down the following rate equations: 

h~AlAs -=G(t) -y-E, 
dt 

d”MQw %AlAs nMQW 
---r=-- rca, rMQW 

(6) 

Here, ~I”AIA~ and ~MQW represent the populations of 
the InAlAs band and the n = 1 MQW sublevel, respec- 
tively. G(t) represents the carrier generation function, 
which for our laser pulse can be treated as a S function. 
~I~AIA~ and ~MQW represent the effective carrier lifetimes in 
the InAlAs region and the n = 1 sublevel of the MQW, 
respectively. rC,,, represents the capture time of the photo- 
generated carriers by the quantum well, which includes the 
diffusion of carriers from the absorbed region to the MQW 
region and their subsequent relaxation to the n = 1 sub- 
level. 

The above equations can be solved analytically, and 
their autocorrelation function can be computed and fitted 
to the measured data. Note that Eq. (5) has an exponen- 
tially decaying solution, and therefore its correlation is also 
the same exponential. This is shown in Fig. 5 (b). The best 
fit to the data is obtained for the total decay rate of (I/ 
rrnArAs + 1/reap) - i = 228 ps. Solving Eq. (6) and taking 
its correlation to fit the data in Fig. 5(c), one gets 
rCap = 290 PS and rMow = 860 PS. Thus 71nAlAs - 1.1 ns is 
obtained. To the best of our knowledge, this represents the 
first direct measurement of the carrier lifetime in this 
MQW system. This value of rMow = 860 ps is very close to 
the value typically obtained for the GaAs/AlGaAs MQW 
system” and in the In o.ssGae47As/InP quantum-well sys- 
tern.*’ This further implies that the well/barrier material 
and the interfaces (normal and inverted) in the InGaAs/ 
InAlAs system, similar to those in the GaAs/AlGaAs sys- 
tem, can be obtained. Also, the increased impurity incor- 
poration due to the growth interruption has negligible 
effect on the carrier lifetime in the MQW. 

V. CONCLUSIONS 

We have measured dc and time-resolved optical prop- 
erties of a high-quality lattice-matched InGaAs/InAlAs 
MQW system grown by MBE. The narrowest photolumi- 
nescence linewidth ever reported, of 2.8 meV (HWHM), 
has been measured at a temperature of 8 K. Room- 
temperature absorption clearly show excitonic features up 
to the n = 3 sublevel. From a simple analysis of this, less 
than one monolayer interface roughness for the normal 
interface and at most a one monolayer roughness for the 
inverted interface can be deduced. This indicates that very 
close to the theoretical best interface quality can be 
achieved in this material system. Temperature-dependent 
photoluminescence data indicate presence of impurities 
due to the use of growth interruption. The carrier lifetime 
in the MQW has also been measured and shows a value 
similar to that in high-quality GaAs/AlGaAs samples. 
Thus, the increased impurity incorporation due to growth 
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interruption does not seem to adversely affect the carrier 
lifetime in the MQW. In conclusion, it is possible to grow 
a very-high-quality lattice-matched InGaAs/InAlAs 
MQW system with very good interfaces and carrier life- 
times. 
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