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X-ray interference in quantum-well laser structures

C.R. Wie
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(Received 15 August 1988; accepted for publication 18 October 1988)

X-ray interference effects are observed in the simulated rocking curves of guantum-well Jaser
structures. It is shown that the interference effects appear in the cladding layer peak of rocking
curves for a generic sample structure of a thin heterojunction layer of composition A cladded
with two thicker layers of composition B. Depending on the detailed layer structure and the
lattice mismatch, the sandwiched quantum-well layer can be as thin as 2-3 A in order to affect
the interference structure of the cladding layer peak. For a given mismatch, the interference
effect occurs around a certain minimum thickness and similar interference structures appear
periodically with increasing quantum-well layer thickness. This effect can be used to estimate
the quantum-well layer thickness with a high accuracy. A simple model is used to calculate the
thickness period as a function of lattice misfit and diffraction geometry. The calculation results

explain the simulation results.

i. INTRODUCTION

Tt has been of a recent research interest to measure, non-
destructively, the thicknesses of thin hetercjunction epiiax-
ial layers using the x-ray rocking curve { XRC) technigue.'?
Thickness measurement using the individual Bragg reflec-
tion peaks associated with each hetercjunction layer is imit-
ed to fairly thick layers { > 500 A) because of the difficulty
of detecting low intensities. Gther features in the rocking
curve, such as the interference fringes, have also been used in
the thickness measurements. For a Aly,;GageAs (1.3
pm) /Al 0 Gag g As (0.13 pm}/ Alg ;s Gag s As (1.3 pm)
laser structure grown on a GaAs substrate, Chu and Tanner’
reported that the 0.13-zm-thick AlGaAs active layer thick-
ness can be measured within -+ 200 A using the interference
structure on the cladding layer rocking curve peak. The
interference is associated with the phase coherence of the
x-ray waves across the thin active layer. More recently, for
GalnAs/GaAs quantum-well structures, Jeong, Schlesing-
er, and Milnes® used the Pendellosung fringes of a thicker
barrier layer ( 513-A GaAs), which are modulated by a
broad weak peak due mostly to a thin quantum-well layer
(182-A Gay o, Ing ,5 AS), to estimate the quantum-well layer
thickness. For the quantum-well devices whose structures
are typified by a thin layer of composition A sandwiched
between two thicker layers of composition B, we report here
that the thicknesses can be estimated for the quantum wells
as thin as a few A by using the x-ray interference effects
produced on the cladding layer peak. We also present a sim-
ple calculation which predicts the simulation results.

. DYNAMICAL X-RAY DIFFRACTION THEORY
SIMULATION

In Fig. 1 we show the quantum-well laser structure, to-
gether with the nominal compositions and thicknesses,
which is grown on a (001} face GaAs substrate. This struc-
ture was actually used for fabrication of a quantum-well la-
ser.” The rocking curves of the quantum-well laser structure
in Fig. 1 are simulated using the computer programs devel-
oped by us based on a dynamical diffraction theory.* Figure
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2 shows the simulated rocking curves taken with 004 reflec-
tion, CuK&w, radiation, and the GaAs substrate crystal as the
reference. In each rocking curve, the peak “s” on the right
corresponds to the GaAs substrate (and layers) and the
peak “c” on the left corresponds to the cladding AlGaAs
tayers. In Fig. 2, the rocking curves are for varying thick-
nesses of the active layer with ali other layer parameters kept
the same as in Fig. 1. The feature “2" in the cladding layer
peak is due to the interference of the x-ray waves across the
active layer, and its angular position within the cladding fay-
er peak changes with 2 2-3-A change in the active layer
thickness. The cladding layer peak in Fig. 2 is similar in
shape to the cladding layer peak obtained by Chu and Tan-
ner’ for their laser structure which had a 0.13-um-thick ac-
tive layer. Figure 2 shows the active layer thicknesses at
which the same interference structures appear in the clad-
ding layer peak. The period is 25.5 A with respect to the
active layer thickness of the sample in Fig. I and 004 rocking
curves. The interference structure in the cladding layer peak
is sensitive tc a 2-3-A change in the active layer thickness,
which can be utilized for accurate measurements of the ac-
tive layer thickness. The fringes “pf” between the substrate

0.t pm GaAs cap layer
0.Z2pum  ALGe _As x=04-5¢0
1.5 um  Alg Gag gAs cladding layer
02pm  AlGa . As x=0-04 FIG. 1. The quantum-well
100 A GaAs laser structure. Simulated
t, Gag 43M5.37A5 active layer rocking curves for this de-
- : vice with varying active
100 & GaAs layer thickness are shown
02 um  ALGa_,As x=04—50 in Figs. 2 and 3, and with
- varying active layer com-
1.5 pm Aly 46ag ¢As cladding layer position in Fig. 5.
0.2pum  AlGa,_,As x=0-—04
0.5 pm GaAs  buffer

GaAs (001) substrate
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and cladding layer peaks are the Pendellosung fringes of the
top AlGaAs cladding layer in Fig. 1. The layer thickness
calculated from the fringe period is consistent with the top
cladding layer thickness.” Figure 3 shows the simulated 115
asymmetric rocking curves {with a large incidence angle)
for the sample in Fig. 1. The minimum thickness, for the
interference kink fo appear at the peak maximum, is around
5 A for the 115 reflection as opposed to 0 A for the 004
reflection. The thickness period for similar interference ef-
fect is about 22 A for the 115 reflection.

fi. KINERMATICAL MODEL FOR X-RAY INTERFERENCE

En order to derive a formula which will predict the mini-
mum active laver thickness and the thickness periodicity for
the appearance of the interference structures, we consider a
simpler sample structure in Fig. 4. Simulated 004 rocking
curve peaks for the cladding layer showed essentially the
same features as those in Fig. 2, but with an interference
period of 18.6 A with respect to the active layer thickness.
Subsidiary peaks also appeared around the cladding layer
peak which are the Pendellosung fringes due to the top
AlGaAs cladding layer. The interference structure on the

FI(G. 3. Simulated 11§
rocking curves of Fig. 1
taken at the large incidence
sngie. The Gaussian func-
tion for convolution is 2
arcsec haif width. Compare
the active layer thickness
minimum and period for
the appearance of interfer-
ence in the cladding laver
peak with the 004 rocking
curves.
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1.5 um &lg 5Gag g As cladding tayer
tg GagslinpgsAs active iayer

1.5 um Alg 5G8g 5As cladding layer

GsAs (001) subsirate

FIG. 4. A simple strained layer quantum-well structure. The active layer
thickness ¢, can be 0 A and up. This structureis for Egs. (1}, (2), and (3) in
the text.

cladding layer peak can be most easily understood using the
kinematical diffraction theory.® Assuming that the layers
are thin enough so that the kinematical diffraction theory is
applicable and neglecting the normal absorption, it can be
shown for the sample in Fig. 4 that the refiecting power near
the cladding layer Bragg angle is approximately

Reflecting power

~4fsin*(4 Y. )/ Y?
(cladding layer) ~ L5 (A ¥/ Y]

Xcos? (A, Y, + A4, Y.), (1)

where

A= (/lreff}f)/( V\/ﬂ?’ﬂ” ’
Y [#¥sin(28,)/(A % rf i) WIve/ Vs
X (A8, + ki€l + ko€l

(Ref. 7), and other parameters are defined as foliows: 4 = x-
ray wavelength, ©, = substrate Bragg angle, r, = classical
electron radius, f}; ==real part of the structure factor,
¥ = unit cell volume, 3, ¥, = direction cosines of the inci-
dent and diffracted wave vectors, ¢ = layer thickness, AQ,
=8 — B3, k,, = geometrical factors, 6" = (a, —a,)/a,,
€ = (@ —a,)/a,,a,,a =layer lattice constants normal
and parallel tc the plane, ¢, = substrate lattice constant, and
the subscripts “#” and “c” in Eq. (1) correspond to the ac-
tive and cladding layers, respectively. For most strained
guantum-well structures the epitaxial layers are pseudomor-
phic and ¢ = 0.

The cosine term: in Eq. (1) contains the phase shift
A, Y, daeto the active quantum-well layer. For real samples,
the plane wave rocking curve, Eq. (1}, is convolved with a
Gaussian broadening function. Therefore, when the condi-
tion that cos’(4, Y, + 4, ¥, ) = 0 occurs within the clad-
ding layer peak, the rocking curve will show a “kink™ at a
corresponding location in the peak. In order for this kink to
be observable in the experimental rocking curve, the epitax-
ial layer must be of a high quality and the incident x-ray
beam spot needs to be as small as possible in order to aveid
the additional broadening due to the wafer curvature. The
interference kink is not clearly visible in the simulated rock-
ing curves when the half width of the convolution function is
greater than 4 arcsec.

The condition that the kink occurs at the intensity maxi-
mum of the cladding layer peak (i.e., ¥, =0} is

A, Y, = 2wthe" sin Op cos ¢/A = (n + 1w, (2)
where A€}’ = the difference in the € between the active lay-
er and the cladding layer, » = integer, and ¢ = the angle
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FIG. 5. Simulated 004 rocking curves of Fig. 1at 25.5-A active layer thick-
ness for varying x in Ga, _ In_As active layer.

between the lattice plane and sample surface. In Eq. (2), we
assumed €] = 0 for the quantum-well samples. For a given
lattice mismatch between the active layer and the cladding
layer (i.e., given A€(™}, Eq. {2) predicts that, for the sample
in Fig. 4, similar interference structures will appear in the
cladding layer peak with the active layer thickness of

Period = A /{2A€7 5in © cos §) =4,/ (A€ cos ),
(3

where d,,, is the spacing of the reflecting lattice planes
{h%l). Different reflection geometry (different ¢) can show
the interference effects at different thicknesses as seen in the
simulated rocking curves (Figs. 2 and 3), but the period does
not depend on the wavelength explicitly. For the sample in
Fig. 4, Eq. (3) gives a period of 20.3 A as compared to the
simulation result 18.6 A. For the sample in Fig. 1, Eq. (1}
gives a period of 27.8 Aas compared to the simulation result
25.5 A. In Fig. 1, the additional layers between the quantum-
well active layer and the thick uniform cladding layers in-
duce additional phase shifts and affect the minimum active
tayer thickness at which the kink appears at the top of the
cladding layer peak. According to the dynamical diffraction
theory simulation, the thickness minimum was 9.5 A for the
sampie in Fig. 4 { which agrees witk Eq. (2} within 1 Aland
0 A for the sample in Fig. 1 (due to the many additional
layers}.
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Finally, we present in Fig. 5 the simulated 004 rocking
curves at three different compositions of the active layer
(thickness = 25.5 A) for the sample in Fig. 1. Figure §
shows that the interference structure in the cladding layer
peak can be used to estimate the composition of the active
layer. In order to induce a phase shift equivalent to a de-
crease of 3 A from the active layer thickness of 25.5 A, thex
in Ga, . In, Asmust increase by 0.043 from Eq. (2). How-
ever, the change in x needed for the equivalent phase shift is
inversely proportional to the active layer thickness.

{¥. CONCLUSION

In summary, using the x-ray interference effect in rock-
ing curves, it is possible to estimate the guantum-well layer
thicknesses with a high accuracy. Actual measurements
shall depend on the lattice mismatch, diffraction geometry,
layer quality, and x-ray beam size, but not on the wave-
length. We presented the theoretical formula for the interfer-
ence period, with respect to the quantum-well layer thick-
ness, as a function of the lattice mismatch and the diffraction
geometry.
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