Determination of the layer structure of embedded strained InGaAs
multiple quantum wells by high resolution x-ray diffraction
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High resolution x-ray diffraction (HRXRD) has been used to determine the layer compositions
and thicknesses of compressively strained InGaAs multiple-quantum-well (MQW) structures
embedded in thick cladding layers that are nominally lattice matched to InP. The entire layer
structure was accurately determined from the results of HRXRD measurements for a simple
strained MQW structure in which barriers and claddings are of the same composition. The
estimated margins of error are less than 1% for the quantum-well indium composition and +2.5
A for well and barrier thicknesses. The layer structure of the active region in a complete
InGaAlAs graded-index separate confinement strained MQW laser diode has also been

determined by HRXRD.

The utility of high resolution x-ray diffraction
(HRXRD) for the structural assessment of epitaxially
grown semiconductor layers is now well established.
Among layer structures characterized by HRXRD, those
with multiple quantum wells (MQWSs) or superlattices
have received much attention since quantum confinement
effects in such structures are the basis of many advanced
heterostructure devices. In x-ray investigation of these
structures, the compositions and thicknesses of wells and
barriers can be accurately determined from the analysis of
satellite peaks caused by the artificially added periodicity.'
In this letter, we report the results of a HRXRD investi-
gation of compressively strained InGaAs MQWs embed-
ded in thick nominally lattice-matched top and bottom
cladding layers. The interest for investigating such struc-
tures by HRXRD stems from their utility for such device
applications as strained MQW laser diodes and modula-
tors.

Figure 1 shows two layer structures used for the
present HRXRD study with their target composition and
thickness values. Sample A is a p-i-n structure with four
compressively strained quantum wells and quaternary
InGaAlAs barriers and claddings of the same composition.
Sample B is an actual device structure for graded-index
separate confinement (GRINSCH) strained MQW laser
diodes. The goal of the investigation was to determine the
compositions and thicknesses of wells and barriers in these
structures from the results of HRXRD measurements. The
samples are two of many samples with different strained
MQW structures grown in order to optimize the strained
MOQW structure for 1.5 um laser diodes. The growth was
done on (001) InP wafers by molecular beam epitaxy
(MBE); the details of MBE growth for strained MQW
structures can be found elsewhere.’

The HRXRD measurements were done on a commer-
cially available Bede model 300 two-crystal system from
Bede Scientific Instruments Limited. The Cu-Ka radiation
was generated by a Rigaku RU200 generator with the bias
voltage and the beam current set at 60 kV and 200 mA,
respectively. An InP substrate oriented for the (004) re-
flection was used for the first crystal. Rocking curves were
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measured for symmetric (004) reflection with the goniom-
eter increment of 2 arcsec and the count time of 2 s.

Figure 2 shows measured and simulated HRXRD
spectra of sample A (the details of the simulation are dis-
cussed later). The satellite peaks in the data show the
[sin(4x)/sin(x)]* dependence predicted by the theory.>*
In order to analyze these data, it is first necessary to un-
derstand how x-ray diffraction from embedded strained
MQWs is affected by the surrounding claddings. This is
done by separating the total diffracted x-ray field into three
different parts as

Ei0a(@) =Ey(O) + Epow (O)exp(iT )

+E(®)exp[i(Ty+Tmow) ],

where E, and E, correspond to the diffracted x-ray fields
due to the bottom and top cladding layers, respectively,
and Eyqw to that of the MQW region. E;, E,, and Eyqw
are in general complex quantities and depend on the inci-
dent x-ray angle, ©. For our analysis, only one polarization
is considered and the dynamic effects are not considered.
Ty, and T\yqw are the layer thickness of the bottom clad-
ding and the MQW region, respectively. Phase factors are
introduced to account for the spacial shifts of the MQW
region and the top cladding layer. This separation is shown

schematically in Fig. 3. The measured x-ray intensity is
then

| Evorat| 2= | Ep| 2+ | Emow|*+ | E/|*+2| Emqw |
XCOS( Tb+ eb_MQw)
+2 IE[,E,ICOS(Tb+ TMQW+9b.t)

+2| EmowE;| cos( Tvqw +Omqw,o)»

where 0, Mow» 0, and Byqw,, represent the phase differ-
ences between corresponding x-ray fields. From the above
expression, it can be easily observed that the product terms
representing coupling between x-ray fields from different
layers have significant contributions only in the range of ®
where | E,| or | E,| is significant. In typical HRXRD scans
of embedded strained MQW structures, most dominant
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FIG. 1. Layer structures for samples A and B with target compositions
and thicknesses. All the InGaAlAs quaternary layers have the same tar-
get compositions as shown in the figure. The GRINSCH layers in sample
B are linearly graded from IngsAly4gAs to Ing 5;Gag pAly 35As. InGaAs
and InAlAs layers have the lattice matching target compositions,
Ing s3Gag 47As and Ings,Aly 45As, respectively.

satellite peaks are located away from the cladding peak
and, consequently, they are easily resolvable and can be
described by the analytical expression derived from MQWs
without cladding layers.** This is different from the case of
lattice-matched MQWs embedded in thick cladding layers
in which the satellite peaks are not as easily resolvable and
suffer more severe interference from the cladding layers.
Although the effect of the substrate is neglected in the
above analysis, it can be treated just like another cladding
layer and the same results can be obtained.

For the complete determination of the strained MQW
structure in sample A, it is necessary to determine four
independent parameters: well composition, or the vertical
lattice spacing inside the wells (a; ,); well thickness, or
the number of monolayers inside the wells (N ,); barrier
composition, or the vertical lattice spacing inside the bar-
riers (a; ,); and barrier thickness, or the number of mono-
layers inside the barriers (N,). It is assumed that wells and
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FIG. 2. Measured and simulated HRXRD scans of sample A. The input
parameters for simulation that are determined from the analysis are
shown in the figure.
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FIG. 3. Schematic diagram for separating an embedded strained MQW
structure into three different regions: bottom cladding, wells and barriers,
and top cladding. Notice that Tyqw is defined as the thickness of four
wells and four barriers.

barriers are of identical composition and thickness, respec-
tively, a situation which can be easily achieved with MBE.
Further, it is assumed that there is no strain relaxation
inside the wells and all the strains are coherently incorpo-
rated by tetragonal distortion. This is evidenced by the
sharp satellite peaks in the HRXRD scan and a narrow
and a strong excitonic photoluminescence peak with full
width at half-maximum of 6.5 meV at 10 K from sample
A. The task is then reduced to obtaining four independent
equations involving the above four parameters. This can be
done in the following manner.

(1) Since the barriers and claddings are of the same
composition, @, , can be determined from the separation
between cladding and substrate peaks in the HRXRD
scan.

(2) The position of the zeroth-order satellite peak
should correspond to the average vertical lattice spacing in
the strained MQW region, a; o, or

meaa ,m+Nthl .h
N,+N,

a, o=

where a, , can be easily determined from the position of
the zeroth-order satellite peak. If the zeroth-order peak is
located close to the cladding peak, then the positions of
higher order peaks can be used to determine the correct
zeroth-order peak position without the interference of the
cladding layers.

(3) From the known expression for the satellite peak
periodicity,* we obtain

A A
T 2cos(8)A8’

where A is the spacial periodicity in MQWs (=N,d,,
+Nd,), A x-ray wavelength, A6 the separation between
two adjacent satellite peaks, and O is the angle around
which the satellite peak separation is determined.

(4) Finally, the total epilayer thickness ¢ can be ex-
pressed as

t=yYNya, p+nA,

where n is the number of quantum wells and y corresponds
to the ratio of the total cladding thickness to the barrier
which can be easily determined from the target growth
durations for claddings and barriers. The total epilayer
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FIG. 4. Measured and simulated HRXRD scans of sample B. The input

parameters for simulation that are determined from the analysis are
shown in the figure.

thickness can be measured by a profilometer measurement
on a step created by selectively etching the epilayer.

By simultaneously solving the above four equations, it
is possible to uniquely determine all four parameters, a, ,,
Ny, a; 4, and N,. To determine the quaternary composi-
tion for barriers and claddings from a, & the band gap of
the quaternary was measured from low temperature pho-
toluminescence (1.10 eV at 10 K) and the corresponding
composition was calculated. The resulting layer structure
is 73 A Inge;GagisAs for the wells and 98 A
Ing 550Gag 196Al 554As for the barriers. Using these values,
a simulation was done with a commercially available soft-
ware package called RADS (Rocking Curve Analysis by
Dynamic Simulation) supplied by Bede Scientific Instru-
ments Limited, and the result is shown in Fig. 2. No iter-
ative changes in input parameters were performed to ob-
tain better matching between measurement and simulation.
The matching as shown is excellent, indicating the accu-
racy of the analysis. It should be noted that the determined
values are the average values over the sample area probed
by the x-ray beam, which is about 1 mm by 1 mm.

To estimate the margin of error involved in the anal-
ysis, an error analysis was performed. The major sources of
uncertainties were considered to be in determining the ex-
act peak positions from the x-ray data (= 10 arcsec in an
enlarged figure) and the epilayer thickness from a profilo-
meter measurement (=100 A or about +2%). By calcu-
lating compositions and thickness from the input parame-
ters that span the entire uncertainty range, histograms of
possible compositions and thicknesses were obtained.
From these, it can be said that the well indium composi-
tions is in the range of 0.692+0.005 (or =0.7%) with
79% confidence, and the well barrier thicknesses are 73

+2.5A (or £3.4%) and 98+2.5 & (or +2.6%), respec-
tively, both with 73% confidence. The larger margin of
error in thickness than composition is due to the large
uncertainty in thickness measurement by the profilometer,
which is the accuracy limiting factor.

Figure 4 shows the results of HRXRD measurement
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and simulation for a complete laser diode structure of sam-
ple B. Broad area laser devices made out of this sample lase
with threshold current density of about 900 A/cm? for
I-mm-long uncoated cavities under pulsed current excita-
tion at room temperature. Due to the complex layer struc-
ture, the entire layer structure cannot be determined by
HRXRD results alone. However, the same values for bar-
rier composition and thickness as in sample A can be used
for sample B, since both samples were grown on the same
day with the same target values for barrier composition
and thickness. Also, it can be assumed without too much
difficulty that the initial 98 A of the top GRINSCH region
has the same composition as the barrier, providing four
complete quantum wells and barriers as required. Two re-
maining conditions are obtained from the satellite peak
periodicity and the zeroth-order satellite peak position.
Then, the laser diode active region structure can be com-
pletely determined, as shown in Fig. 4. For the simulation,
the top contact layer was assumed to be lattice matched
(Ings3Gag 47As) and the top and bottom GRINSCH re-
gions were each modeled by five layers of constant compo-
sitions linearly varying from the barrier quaternary to
InAlAs cladding. With the exceptions of the broader clad-
ding layer peak and larger background noise, the agree-
ment between measurement and simulation is excellent,
indicating the accuracy of the analysis for a complete laser
diode structure. The broad InAlAs peak is probably due to
not optimal structural quality of thick InAlAs layers.’

By comparing the target layer structure with that de-
termined by HRXRD, we can verify that the effusion cell
temperatures were set correctly for desired material com-
positions with the exception of the aluminum cell, whose
temperature should have been higher by about 6 °C. This
information can be used for the subsequent MBE growths
for a better control of cell temperatures. In addition, the
accurate device structure determination by HRXRD as
was done for sample B is essential for the correct analysis
of device characteristics. In these regards, HRXRD char-
acterization is essential for successful growth of InGaAlAs
materials on InP and, in particular, for strained MQWs for
device applications.
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