X-ray rocking curve analysis of superiattices

V. S. Speriosu® and T. Vreeland, Jr.
California Institute of Technology, Pasadena, California 91125

(Received 16 March 1984; accepted for publication 7 May 1984)

We present detailed analyses of x-ray doubie-crystal rocking curve measurements of superiattices.
The technique measures depth profiles of structure factor, and profiles of perpendicular and
parallel strains relative to the underlying substrate. In addition to providing a detailed picture of
the state of stress, the profiles are a direct measure of the composition modulation. The thickness
of the period of modulation and the average strain are determined with a precision of ~1%. The
detailed structure of the period is determined to ~5%. We obtain an expression relating the
structure of the rocking curve to the structure of the period. This expression allows analytic
determination of the structure without Fourier transformation or computer fitting. We show the
influence of small random fluctuations in layer thicknesses and strains. The technique is applied
to a 15-period GaAlAs/GaAs and a ten-period AlSb/GaSb superlattice grown on {100) GaAs
and (100) GaSb substrates, respectively. In the former, the thickness of the period was 676 A and
the perpendicular strain varied between zero for the GaAs layer and 0.249% for the layer with
peak (93%) Al concentration. Transition regions, ~ 100 A thick, with continuously varying
composition, were found between the GaAs and the Ga, o, Al, 43 As layers. Fluctuations in
structural properties were less than 5% of the average. The AiSb/GaSb superlattice had a period
of 610 A with sharp transition regions between the layers and negligible fluctuations from period
to period. The perpendicular strains were — 0.03% and 1.25%, respectively, for the GaSb and
AlSb layers. A uniform paralle! strain of 0.03% was found throughout the superlattice. Nonzero
paralle! strain indicates that a small fraction of the misfit between the superiattice and the
substrate is plastically accommodated by net edge dislocations lying in a narrow region (a few
hundred A thick) at the interface with the substrate. The net number of edge dislocations was
calculated to be ~ 1 X 10°/cm? The measured perpendicular strains were in excellent agreement
with the values calculated from bulk lattice parameters, elastic properties, and the parallel strain.
For both superlattices, the standard deviation of random atomic displacements away from perfect
crystal sites was below 0.1 A, in agreement with reported ion channeling and electron diffraction
measurements of superlattices. The rocking curve method is a major tool for quantitative analysis
of superiattices.

. INTRODUCTION

Superlattices' are a class of epitaxial materials grown by
periodic depth modulation of the composition. Recent im-
provements in growth methods have produced superlattices
of nearly perfect crystallinity whose electrical and optical
properties can be tailored for various applications. Since the
free lattice parameters of the alternating layers are frequent-
ly unequal, the modulation of the composition results in a
modulated strain. Electrical and optical properties of these
devices depend on the state of strain as well as on the compo-
sition modulation.? The strain in lattice mismatched super-
lattice layers has been the subject of a series of measurements
by ion channeling®~® and electron diffraction.” Ion channel-
ing has detected periodic changes in crystal channel direc-
tion corresponding to distortions of the crystallographic unit
cells in the superlattice layers. If a number of nontrivial basic
assumptions are made* concerning the geometry of the dis-
tortion, the change in channel] direction can be interpreted as
a measure of the relative strain in the alternating layers.
Electron diffraction has measured absolute distortion in
such layers,” but with limited precision. Although capable of

* Present Address: IBM, San Jose Research Laboratory, San Jose, Califor-
nia 95193,
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measuring strain values from 108 upward, x-ray diffraction
has remained relatively unused in the study of superlattices.

Bragg case double-crystal x-ray rocking curves are
highly sensitive to strain in epitaxial structures, as shown by
their application to semiconductor heterostructures,® ! dif-
fusion layers,’>~'* and ion-implanted layers.'>'® Quantita-
tive analysis'?>~'*'® of experimental rocking curves can pro-
vide depth profiles of strain with a precision often
approaching 2% of quoted values. In general, no assump-
tions need be made about the geometry of lattice distortion.
In epitaxial layers, the scattering of x rays can be modeled'®
to very good approximation by the single-scattering or kine-
matical theory. The mathematical simplicity of this theory
enables rapid computer calculation of rocking curves corre-
sponding to arbitrary structures. By fitting experimental
curves, the actual structure can be obtained. The rocking
curve method is rapid, nondestructive, requires no sample
preparation, and is exceedingly simple.

1n an early paper,?’ Segmiiller et a/. gave detailed inter-
pretations of rocking curves of GaAs/AlAs superlattices.
Excellent agreement was found between measured intensi-
ties and intensities calculated using periodic modulation of
strain and structure factor. The modulation was a step func-
tion corresponding to the nominal modulation in composi-
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tion. The strain included a component due to elastic accomo-
dation of the misfit between AlAs and GaAs. More recently,
the Fourier transform relationship between the rocking
curve on one hand, and the strain and structure factor distri-
butions on the other, was used to measure interdiffusion in
annealed GaAs/AlAs superlattices.?' Due to the small mis-
match in lattice parameter between GaAs and AlAs, non-
zero strain in directions parallel to the surface was neither
expected nor considered in detail in the above references.

In this paper, the diffraction model presented in Ref. 16
is applied to superlattices. Relationships are obtained
between the structure of the rocking curve and the structure
of the superlattice. These relationships allow direct deter-
mination of the structure of the superlattice, without the
need to resort to computer fitting or Fourier transformation.
In addition to strains in the direction perpendicular to the
surface, profiles of parallel strain and structure factor are
included in the model. The sensitivity of the rocking curve to
the structure of the superlattice period and the effect of ran-
dom fluctuations from period to period are demonstrated.
The method is applied to a GaAlAs/GaAs and an AlSb/
GaSb superlattice to obtain depth profiles of perpendicular
and parallel strain. Finally, Vegard’s law and elasticity the-
ory are used to convert the strain profiles into composition
profiles.

i. REFLECTING POWER OF A SUPERLATTICE

It is convenient to define the x-ray strains of an epitaxial
film with respect to the substrate, since these are determined
directly from the rocking curve. Denoting the fiim and the
substrate by f and s, respectively, for an arbitrary set of
planes, there is, in general, a difference 4d =d, — d, inin-
terplanar d spacing. The difference depends on the particu-
lar deformation as well as on the planes. In principle, the
strain € is a tensor with unequal normal and shear compo-
nents. For cubic crystals of arbitrary orientation, such as
{(311), it is necessary to consider shear strains.?>® But for
layers grown along the (100), (110}, or (111) directions,
the principal strains are perpendicular and paraliel to the
layer. In these directions, the x-ray strains €' and €' are the
fractional differences in interatomic spacing between the
film and the substrate. The strains are related to the differ-
ence in d spacing through

4d /d, = €' cos? i + €' sin? ¢, (1)

where ¢ is the angle between the planes and the surface. For
perfectly coherent epitaxy, €'==0 regardless of the mismatch
between the free film and the free substrate. Even under par-
tial relaxation (€' £ 0), this condition imposes stresses of op-
posite signs in the layer and substrate, and in the simplest
case produces tetragonal distortions and bending. Second-
order variations of €' with direction in the plane of the layer
occur for nonorthotropic orientations. Since the thickness of
the substrate is usually two orders of magnitude greater than
the thickness of the layer, the strains in the substrate are
usually two orders of magnitude smaller than those in the
film. To a good approximation, the substrate is unstrained
and one may substitute the free substrate interplanar spacing
d? ford, in Eq. (1). If the free-lattice parameter of the film is
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known, it is a simple matter to convert the x-ray strain, de-
fined relative to the substrate, to the strain of elasticity the-
ory, defined relative to the free film. In a later section, we
apply elasticity theory to calculate the elastic strains of the
superlattice, the substrate elastic strain, and the bending ra-
dius of the structure.

For diffraction calculations, a uniform epitaxial layer is
described by its thickness ¢, structure factor F, perpendicular
and parallel strains €* and €', and normal absorption coeffi-
cient u. With respect to the inward normal to the surface, the
direction cosines of the incident and diffracted waves are 7,
and yy, respectively. The angle between the diffracting
planes and the surface is 1. Associated with the epitaxial
layer and the particular reflection are the quantities 4 and
)," 23

r.A |Fit
A= ————— (2)
VoY ul
_ y, 7V sin20,
Y= Tl raTE 4 @

where r, is the classical electron radius, 4 is the x-ray wave-
length, ¥ is the volume of the unit cell, and G, is the Bragg
angle of the substrate. The differential angle Adw is

Aw =0 — 0, + (€' cos® ¥ + €' sin? ¢)

Xtan 0, + (€- — €l)sin ¥ cos ¥, (4)

where @ is the grazing angle of incidence with respect to the
diffracting planes. The + or — sign is chosen according to
whether the angle of incidence with respect to the surface is

— g or 8, + ¥, respectively. In Eq. {4), the first term in-
volving strains represents a change in d spacing while the
second is due to the rotation of the planes. Equation (4)
differs in two ways from Eq. (6) in Ref. 16. One is due to the
inclusion of parallel strain. In addition, the dependence on ¢
in Eq. (4) is valid for any Bragg case 8, + i, whereas Eq. (6)
in Ref. 16 is valid only for 8, + ¢<n/2.%

An arbitrary depth profile of strains and structure fac-
tor can, for computational convenience and with sufficient
accuracy, be represented by a discrete structure of N la-
minae. The normalized amplitude diffracted by such a struc-
ture is*®

~way,+ ey SIDAY;

E ae " , (5)

Mo f?’ﬂ ,2’1 Y,

where
N
ajzexp(—-— Yot 7yl ul S t,),
2“’07’”[ i=j1

aN=1

.—ZZA, Y.,

i=1
¢, =0,

and each lamina j has its own 4, and Y.

A superlattice is a special case of the arbitrary laminar
structure. In its simplest form, the superlattice period con-
sists of two layers, labeled a and b, each with its own thick-
ness, strains, structure factor, and the corresponding 4,, ¥,
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and A,, Y,. For M superlattice periods and neglecting nor-
mal absorption, the diffracted amplitude {Eq. (5)] becomes

Ey=i_ | Loo-up oMUY+ AT o
’YH| ’ Sin(Aa Ya +Abe) ’
where
B=(M—1)4,Y, +A4,Y,)+ 4,7,
and
g Sind. Y, o~ Yo pry SN ALY, 7

* Y, Y,

The quantity F, can be regarded as the structure factor of

one superlattice period. The sinusoidal term in the numera-

tor of Eq. (6) produces zeros with a period 46,, given by
MA (AaYa +Abe)=7T

or

Alyul (8)
M{t, +t,)sin 20,
from which the total thickness M (¢, + ¢,) of the superlattice
can be determined. However, for typical samples (~ 1 gm
thick) lateral nonuniformities frequently result in a convolu-
tion of the rapid oscillations. The more slowly varying sinu-
soidal term in the denominator of Eq. (6) produces observa-

ble peaks at

A, Y, +A,Y, =nm {9)
hence, the peaks are labeled 0, + 1, + 2, etc. The spacing
AG, between the peaks yields the superlattice periodicity p,

Alval

A6, sin 26,
The superlattice zeroth-order peak is located at an angle 46,
from the substrate peak. From Eq. (9),

— 48, = k(e + ky(e"),
k, =cos* ¥ tan 6, + sin ¢ cos ¢, (11)
k, =sin? ¢ tan 8, ZFsin ¢ cos ¢,

where ( ) denotes depth averaging (over the superlattice pe-
riod) and the sign is chosen as described above. The ampi-
tude of the nth-order peak is proportional to the superlattice
structure factor [Eq. (7)] evaluated at angles determined by
Eq. (9). Using n as a subscript,

46, =

PEta +tb = (10)

anSinAaYan( ! — ! )
Yan Ybn
sind,Y,, A, )
= Rl + ——] 12
Aa Yan ( ¢ lﬁ(nﬂ/Aa Yan ( )

Since Y, is related to Y4 through Egs. (10) and (3), Eq. (12)
depends on 4, A,, and Y, only. For » = 0, this reduces to
sind, Y,
Aa Y a0
Thus, the amplitude of the zeroth-order peak measures F, ¢,
+ F,t,, where F, and F, are the crystallographic structure

factors of layers a and b, respectively. The approximation in
Eq. (13) is quite good for typical strong reflections and pro-

Mo +4p)=ld, +4,), 4, V0«1 (13)

50=
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ducts of strain modulation and period thickness beiow
~19% X300 A. In these cases, the zeroth-order peak is more
intense than higher-order peaks. For larger strains and
thicknesses, the approximation in Eq. (13) breaks down and
the zeroth-order peak may be less intense than higher-order
peaks. In a later section, we give examples of both regimes.

From Eq. (6), it is clear that the basic structure of the
rocking curve is determined by the structure of the superlat-
tice period. The number of peaks, their locations, and rela-
tive amplitudes are independent of the number of periods,
provided this number is greater than 1. For M periods and
negligible absorption, the overall intensity of the rocking
curve goes as M 2. A perfect superlattice is described by six
parameters: ¢,, t,, €,, &,, F,/F,, and M. To determine these
parameters, one can use Egs. (8), (10), (11), and (13}, and Eq.
(12) evaluated for the + 1 peaks. The locations and ampli-
tudes of peaks corresponding to 'n| > 1 are completely deter-
mined by the six parameters. To separate the components of
€, and &,, one needs at least two rocking curve measure-
ments. The availability of a large number of intense reflec-
tions with varying degrees of asymmetry enables the verifi-
cation of the internal consistency of the depth profiles of
strain and structure factor. In fact, the present method can
be extended to arbitrary deformations, including shear
strains. For each additional strain component, an additional
rocking curve measurement is needed.

The solution of the six simultaneous equations is
straightforward provided the condition in Eq. (13) is satis-
fied. Since this is not always the case, it may be necessary to
consider higher-order peaks. Alternatively, since the condi-
tion of Eq. (13) depends on the Bragg angle and on 3 as well
as on the strain and thickness, it is almost always possible to
use a reflection where the zeroth-order peak is the most in-
tense. In practice, the number of periods and the approxi-
mate composition modulation are known from the growth
conditions. One can calculate a priori F, and F, from the
nominal composition. This reduces the number of unk-
nowns to four without changing the number of equations
{six). Thus, for a perfect or nearly perfect superlattice, we are
able to determine its structure by following a specified algo-
rithm and are not dependent on computer fitting.

If the structure of the superiattice period has more de-
tail than the bilayer mode! assumed above, it is nevertheless
clear that the form of Eq. (6) remains valid. By straightfor-
ward extension, Eqs. (6) and (7) can describe diffraction in
superlattices with an arbitrary number of sublayers in one
period. For each additional sublayer, the intensity of an ad-
ditional high-order peak must be considered. However, Eqs.
(10) and ({11), which determine the periodicity and the aver-
age strain, remain applicable regardless of the structure of
the period.

Real superiattices are imperfect. The strain and thick-
ness values fluctuate from period to period. One result of this
is that the periodicity determined from Eq. (6) is noncom-
mensurate with crystallographic unit cells. If the number of
periods is small and the fluctuations are arbitrarily large, the
rocking curve rapidly loses the structure predicted by Eq. (6).
In such cases, one can return to Eq. (5), which is valid for
arbitrary depth profiles in thin layers, and match the experi-
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mental rocking curve with the aid of a computer. Although
convergence to a good fit cannot be guaranteed, the sensitiv-
ity of the rocking curve to the strain profile ensures that a
good fit can only be obtained with the “true” profile.'®'® The
importance of obtaining a good fit {examples may be found in
Refs. 10-14, 16, and 19) cannot be overemphasized.

For small fluctuations and a large number of periods,
one can describe the frequency of the particular fluctuation
by a probability p. If the thickness of layer a varies, corre-
sponding to a variation 44 in 4, and the probability of 44 is
Gaussian with standard deviation U, it is straightforward
to show that the average structure factor (F,, ) is given by

(F,,) =exp( —2Y,,U%)F3, (14)
where F2, corresponds to no fluctuation. The exponential
term is analogous to a Debye—Waller factor. Since |Y,, | in-
creases with n, high-order peaks are diminished much more
than low-order peaks. The intensity lost at each peak will, of
course, be seen in the rise of the background intensity
between the peaks. From symmetry, a fluctuation in 4, pro-
duces a similar result. If both 4, and 4, fluctuate, the struc-
ture factors of high-order peaks diminish even more rapidly.
The influence of strain fluctuations is less transparent, but
we shall show by example that it also decreases the intensity
of high-order peaks.

From a practical point of view, the existence of transi-
tion regions in the superlattice period and the possibility of
fluctuations from period to period are of great interest. To
explore these possibilities in real samples, we adopt an ap-
proach combining analytic determination with trial-and-er-
ror fitting. The locations and intensities of the three low-
order peaks yield the structure of the superlattice assuming a
bilayer distribution in each period and perfect periodicity.
These values of strains, structure factors, and thicknesses
provide an initial distribution for a calculated rocking curve.
Discrepancies between measured and calculated intensities
of high-order peaks are then minimized by trial-and-error
fitting. The structure of the experimental curve will suggest
whether the discrepancies are due to fluctuations from peri-
od to period, to transition regions in each period, or both.

The frequent presence*”** of a buffer layer grown
between the superlattice and the substrate also necessitates a
departure from analytic structure determination. For a buff-
er of arbifrary composition modulation, it is not possible to
derive simple relationships between the rocking curve and
the superlattice-cum-buffer structure. If the buffer is uni-
form, as is ofien the case, it will contribute an additional
peak to the rocking curve. The location and intensity of this
peak yield the strain and thickness of the buffer.?®

For calculations of rocking curves, as in Ref. 16, the
reflecting power of the epitaxial structure is added to that of
the substrate, adjusted for normal absorption in the epitaxial
structure, The substrate reflecting power is obtained using
only the o component of the dynamical theory?® resuit for
thick, nonabsorbing, perfect crystals. For computational
speed we neglect the substrate 7 component, which is always
narrower than the o component. For the same reason we do
not interfere the amplitude of the epitaxial structure with
that of the substrate. These omissions do not produce obser-
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vable errors since the plane-wave solutions are always con-
volved with Gaussians whose widths are greater than the
Parwin width.?

L. EXPERIMENT

Superlattice samples were provided to us by external
sources. The Ga,Al,_,As/GaAs, x=0.1, sample was
grown’® by metalorganic chemical vapor deposition
(MOCVD)on a (100) GaAs substrate. The nominal number
of layers and layer thinckness were 30 and 200 A, respective-
ly (15 periods, 400 A per period). The AlSb/GaSb sample
was grown’’ by molecular beam epitaxy (MBE) on a (100)
GaSb substrate. The nominal number of layers and layer
thickness were 20 and 300 A, respectively (10 periods, 600 A
per period). For both kinds of superiattices, the substrates
were found to be oriented ~ 2° off the (100) axis. The actual
misorientation was taken into account for the vatues of ¢, 7,
and yy.

Double-crystal x-ray rocking curves were obtained us-
ing the Fe X ,, (200), {400), and (422) reflections and the Cu
K, (422) reflection. With the exception of the (200) reflec-
tion, the Bragg angle is near 45° and the o component is
dominant.”® The symmetric (200) and (400) reflections are
sensitive to €' only, while the asymmetric (422) reflections
measure both €' and €' [see Eq. (4) above]. Depending on
asymmetry and Bragg angle the sensitivity to €' is either
lower or greater than that to €', The use of more than one
reftection permits verification of the internal consistency of
the strain profiles. The x-ray beam was first collimated and
rendered nearly monochromatic by (400) reflection in (100)
Si or GaAs for the Fe K, (200), (400), and (422) reflections
and by (333) reflection in {111) Sifor the Cu X, (422) reflec-
tions. With the exception of the (200} refiection, the Bragg
angles of the first crystal and the sample are nearly equal and
the rocking curve is insensitive to the finite width of the X,
line. Even for the (200) reflection, with the X, line blocked
by the slits, the broadening due to the use of dispersive set-
ting did not significantly affect the measured curve. In all
cases, the divergence of the beam incident on the sample was
less than 20 arcsec. Except for the (422), ¥, < | vy | reflection,
the spot size at the sample was limited by a set of slits to
0.5 1 mm or less. For the (422), ¥, < |y | refiection, due to
the low grazing angle of incidence, the spot size was greater
than the size of the sample, vitiating absolute measurement
of reflecting power. The incident beam intensity was 10*~10°
counts/sec, depending on the reflection and spot size. Rock-
ing curves were obtained using a microprocessor-controlled
diffractometer with a step-scan resolution of 10™* deg.

V. RESULTS AND DISCUSSION

The two kinds of superlattices discussed below are ex-
amples of extreme cases of strain variation likely to be found
in practice. For the GaAlAs/GaAs superlattice, the maxi-
mum strain is below 0.3%, while for the AlSb/GaSb super-
lattice, the strain modulation is greater than 1%. In both
cases, the nominal thickness of the period is large (400-600
A) so that for the AISb/GaSb superlattice the condition in
Eq. (13) above is not satisfied, i.e., the zeroth-order peak is
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less intense than higher-order peaks. For the GaAlAs/GaAs
superlattice, the zeroth-order peak is the most intense. The
calculated curves were obtained using Eq. (11) in Ref. 16
with structure factors based on nomina! composition and
tabulated atomic scattering factors®® (see Table I). Normal
absorption coefficients were averaged over the superlattice
period.

A. GaAlAs/GaAs superiattice

Figure 1(a) shows measured (dashed line) and calculat-
ed (solid line) Fe K,, (400) rocking curves of the GaAlAs/
GaAs superlattice. In the experimental curve, in addition to
the substrate peak (located at zero), seven superlattice peaks
are clearly visible. These are obviously not the rapid oscilla-
tions of Eq. (8), but peaks given by Eq. (9} above. Their spac-
ing yields an average superlattice period thickness
p =676 4 2 A.Thelocation 46, = — 0.0641° of the zeroth-
order peak yields, through Eq. (11), {¢') =0.118%. The
(400) rocking curve gives no information on €', but previous
work has shown®?** that it is zero for epitaxial AlAs layers,
up to several microns thick, grown on GaAs.

Assuming that the nominal GaAs layer is indeed GaAs,
its perpendicular (and parallel) strain must be zero. The task
of determining the strain profile in the superlattice period is
thus reduced to determining the thickness and strain of the
GaAlAs layer. Using the ratio of the amplitude of the + 1
peak to that of the zeroth peak and the appropriate structure
factors from Table I, Eq. {12) yields a thickness and strain of
320 A and 0.249%, respectively, for the GaAlAs layer. The
same values are obtained using the ratio of the amplitude of
the — 1 peak to that of the zeroth peak. The agreement
between these two determinations shows that the initial as-
sumption of zero strain in the GaAs layer is valid. Had this
assumption been false, the + 1 and — 1 peaks would have
yielded different thicknesses and strains for the GaAlAs lay-
er. The calculated rocking curve of Fig. 1(a) was obtained
from this initial strain and structure factor distribution. The
calculated curve reproduces very well the locations of the
observed peaks as well as the intensities of the three low-
order peaks. The slight discrepancy in the intensities of the

+ land — 1 peaksis due to the small error in thickness and
strain obtained from Eq. (12) which neglected absorption,
whereas the calculated curve in the figure includes normal
absorption. For high-order peaks, the caiculated curve gen-
erally predicts more intensity than is observed. Since ran-
dom fluctuations in layer thickness were shown to decrease
high-order more than low-order peaks, one may suppose
that the discrepancy is due to such fluctuations. Figure 1(b)
reproduces the experimental curve of Fig. 1(a) and shows a

TABLE 1. Absolute values of structure factors.

Reflection GaAs Al,;Ga,, As GaSb AlSb
Fe X, (400) 157.9 116.9 214.2 166.9
{200) 6.64 61.05 72.4 131.1
(422) 191.2 150.1
Cuk, (422) 191.3 151.6
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calculated curve corresponding to random fluctuations of
about 5% in layer thicknesses. The agreement with the mea-
sured curve is better although certain discrepanices persist.

In Fig. 1(c), the calculated curve includes 5% fluctuations in
both layer thicknesses and strain values. This results in a

further diminution of high-order peaks, but does not elmin-

ate all discrepancies. Larger fluctuations would only de-

crease the quality of the fit. In fact, careful examination of
Fig. 1{a) shows that the discrepancy is due to the existence of
transition regions in the superlattice period, rather than to

fluctuations from period to period. This is best seen for the

intensities of the + 3 and + 4 peaks (located at 46=0.25°
and A46:0.4°, respectively). The calculated curve matches
the + 4 peak reasonably well, but overestimates the intensi-

ty of the + 3 peak. Clearly random fluctuations decrease the

intensity of the + 4 peak more than that of the + 3 peak
{Figs. 1(b) and 1{c)]. A much better overall fit, shown in Fig.

1{d), is obtained using the four-layer period of Table II.
These values were accepted as sufficiently accurate after a
trial-and-error procedure involving about ten iterations. The
strain distribution and the structure factor distribution indi-
cate the self-consistent result that the Al concentration var-
ies continuously between the nominal GaAiAs and GaAs
layers. Before discussing this result in more detail, we turn to
the Fe K, (200) rocking curve of the same sample.

Figure 2(a) shows the measured {dashed line) and a cal-
culated (solid line) Fe K, (200) rocking curve. Ten superlat-
tice peaks are evident in the experimental curve. Since the
Bragg angle for the (200) reflection is only 20.04°, the zeroth-
order peak is not well separated from the substrate peak {see
Eq. (4) above]. Because in this case the structure factor for
GaAs is only 6.64, the substrate peak is very weak and ap-
pears as a shoulder on the superlattice zeroth peak. In addi-
tion, the low structure factor of the GaAs layers means that
effectively only the GaAlAs layers are diffracting. For this
reflection, the superlattice acts as if only the GaAlAs layers,
separated by nondiffracting material, were present. Thus the
rocking curve is very sensitive to the details of the GaAlAs
portion of the period, and is less sensitive to the GaAs por-
tion. The calculated curve corresponds to the same strain
profile as was used in Fig. 1(a). As before, the step-function
distribution gives a reasonably good fit to the experimental
curve. The discrepancies are reduced if the four-layer period
of Tabie II is used in the calculation, as shown in Fig. 2(b).
Further improvement in the quality of the fit can only be
obtained by introducing even finer detail in the structure of
the period.

Despite the difference in their structure, the Fe K,
(400} and (200) rocking curves yield the same structure for
the superlattice period. The thickness of the period and the
average strain are determined to a precision of ~ 1%. Consi-
deration of only the three lowest-order peaks determines the
amptlitude of the strain modulation and the relative thick-
ness of the layers to ~ 15%. If a good fit is obtained for high-
order peaks, as in Figs. 1(d) and 2(b), the structure of the
period, including transition regions, is determined to a preci-
sion of ~5%.

The thickness of the period (676 f\) is very different
from the nominal thickness (400 .&). Since the growth rate
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FIG. 1. {a) Measured {dashed line) and calculated (solid line) Fe K, (400) rocking curves of GaAlAs/GaAs superlattice. The calculated curve corresponds to
the bilayer structure of the period discussed in the text. (b) Fe X, {400} rocking curves of GaAlAs/GaAs superlattice. The calculated curve corresponds to

~ 5% fluctuations in layer thicknesses. (c) Fe K,,, (400} rocking curves of GaAlAs/GaAs superlattice. The calculated curve corresponds to ~5% fluctu-
ations in both layer thicknesses and strains. (d} Fe K, {400} rocking curves of GaAlAs/GaAs superlattice. Best fit of experimental curve using the four-layer

period of Table II.

during MOCYVD is determined by the availability of Ga, an
error in its concentration will result in an error in estimated
layer thickness. The present reactor was calibrated?s for
much thicker (2000 A} layers where the finite rise time of the
system was short compared to the total growth duration.
The effects of finite rise time are also evident in the ~ 150 A
(Table II) transition regions between the uniform GaAlAs (¢
= 0.249%) and GaAs (€' = 0.00%) layers.
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B. AiSh/GaSh superiattice

Figure 3 shows experimental and calculated Fe K,
(400) rocking curves. In addition to the substrate peak, the
measured curve contains 14 clearly visible superlattice
peaks. As mentioned earlier, due to the combination of large
strain modulation and large thickness of the period, the ze-
roth-order peak is Jess intense than higher-order peaks. This
situation presents the practical problem of identifying the
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TABLEIL Strain and Structure factor distributions in the average period of
the GaAlAs/GaAs superlattice. Strain is defined relative to the substrate
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FIG. 3. Fe K, (400) rocking curves of AlSb/GaSb superlattice. The calcu-
lated curve is based on the bilayer period of Table III.

zeroth-order peak. The simplest way to resolve the dilemma
is to calculate a rocking curve using data based on the no-
minal composition modulation . The actual thickness of the
period, 610 + 2 A, is determined directly from the measured
curve. Using the appropriate structure factors from Table I,
the nominal thickness ratio of 1 : 1in the bilayer model of the
period, and assuming zero perpendicular strain in the GaSb
layer, one can calculate rocking curves corresponding to var-
ious values of perpendicular strain in the AlSb layer. Com-
parison with the experimental curve immediately shows that
the strain in the AlSb layer is around 1.2% while the strain in
the GaSb layer is indeed close to zero. Consequently, the
zeroth-order peak is at A, ~ — 0.29° in Fig. 3. This result
may be verified by comparing calculated and measured in-
tensities of all peaks. The good agreement shown in Fig. 3
was obtained by trial-and-error adjustment in the structure
of the period. For this sample, the structure is very nearly a
step function (see Tabie I11). The thickness of the transition
region between the two layers is at most 5% of the thickness
(305 A) of the layers. The perpendicular strains are
(1.25 4 0.02)% and { — 0.03 + 0.02)% for the AlSb and
GaSb layers, respectively. Negative perpendicular strain in
the GaSb layer implies positive parallel strain, as we show
below.

TABLE II1. Strain distributions in the average period of the AlSb/GaSb
superlattice. Strain is defined relative to the substrate [see Eq. {1)).

[see Eq. (1)].
Layer Thickness ¢ | F 00| | Fa00|
(A) (%)
a 150 0.180 1283 46.0
b 170 0.249 1169 61.05
c 100 0.103 136.5 35.1
d 256 0.000 1579 6.64
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FIG. 2. (a) Fe K, (200) rocking curves of GaAlAs/GaAs superlattice. The
calculation corresponds to the bilayer period used in Fig. 1(a). (b) Fe K,
(200) rocking curves of GaAlAs/GaAs superlattice. Best fit using the four-
layer period of Table II.
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Layer Thickness '3 el
(A) (%) (7e)
a 305 1.25 0.03
b 305 —0.03 0.03
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The Fe K, (200) rocking curves of Fig. 4 yield slightly
different values for the period thickness (625 A) and the
strain of the AISb layer (1.23%). Even though for this reflec-
tion @, = 18.5°, the condition of Eq. (13) is still not satisfied
and the zeroth peak, at Af,~ — 0.1 is less intense than
higher-order peaks. The agreement between the shapes of
calculated and measured curves is very good, but the calcu-
lated curve is everywhere about a factor of 2 more intense
than the measured curve. The discrepancy is not accounted
for, but suggests an error in the calculated structure factors
or in the measurement of the incident beam intensity, or
both.

TheFe K, (422), 74> |7y | rocking curves are shown in
Fig. 5. Note the much narrower intrinsic width of these
curves compared to those of Figs. 3 and 4. The thickness of
the period deduced from Fig, 5 is the same as the value ob-
tained with the (400) reflection. For Fe K,, (422), with
Yo> |7u|» Eq. (4) shows that the sensitivity to parallel strain
is ~3.5 times greater than that to perpendicular strain. Us-
ing the values of €' obtained with (400) and/or (200), the (422)
curve yields €/ = (0.03 + 0.02)% for both layers of the peri-
od (see Table HI).

The sense of asymmetry is reversed for the Cu K,
{422), 7o < | ¥ | reflection of Fig. 6. In this case, the sensitiv-
ity to €' is much greater than that to €'. As mentioned above,
for this reflection the angle of incidence with respect to the
sample is only ~2° and the x-ray spot size was greater than
the size of the sample. Thus, the experimental reflecting
power was easily underestimated. Nevertheless, the mea-
sured and calculated curves have the same shape, confirming
the strain profiles obtained with the other reflections. Thus,
all four rocking curves (Figs. 3—6), measured at different
Bragg angles, with different asymmetries and different
wavelengths, correspond to the same structure of the period
{Table III).
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FIG. 4. Fe K, (200] rocking curves of A1Sb/GaSb superlattice. The calcu-
lated curve used the period of Table ITI.
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FIG. 5. Fe K, (422), 75> |74 | rocking curves of A1Sb/GaSb superlattice.
The calculated curve used the period of Table IIL

The presence of nonzero parailel strain implies the
breakdown of perfect coherency between the epitaxial struc-
ture and the substrate. In the direction perpendicular to the
surface, for ¢! = 0.039% there are three fewer atomic planes
in the superlattice for every 10* planes in the substrate. Since
¢ is uniform throughout the superlattice layers, the partial
crystatlographic decoupling occurs in a narrow (a few
hundred A thick) region at the interface between the super-
lattice and the substrate. A paralle!l strain of 0.03% corre-
sponds to a net number of ~ 1 X 10 a/2 (011) edge disloca-
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FIG. 6. Cu K, (422), ¥, < |7y | rocking curves of AISb/GaSb superlattice.
The calculated curve used the period of Table III. The absolute reflecting
power of the measured curve is underestimated, as discussed in the text.
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tions/cm? localized in a narrow region at the interface with
the substrate. A much larger parallel strain (0.19%) was
measured”® in a GaAs,P, _,/GaP, x = 0.14, superlattice
grown on a 1-um GaAs, P, _ , y = 0.061, buffer on (100)
GaP. The buffer plays a major role in decoupling the super-
lattice from the substrate.

C. Point defects and iateral inthomogeneities

In addition to providing depth profiles of strain, experi-
mental rocking curves contain information about point de-
fects and lateral inhomogeneities.'S"'® A measure of point
defects is obtained from comparison of experimental intensi-
ty with that predicted using perfect-crystal structure factors.
Point defects lead to a decrease in the magnitude of the struc-
ture factor. If point defects are described by a probability
distribution of incoherent atomic displacements away from
perfect-crystal sites, the standard deviation U of the distribu-
tion is readily obtained from the measured curve.'®'® For the
present sampies, structure factors were calculated assuming
no point defects other than those due to random interchange
of Ga and Al corresponding to the local composition. The
good agreement between measured and calculated curves
obtained above indicates that for both samples the standard
deviation U is less than 0.1 A. This is consistent with the
general result obtained by channeling®® and electron dif-
fraction’ on a variety of superlattices.

Lateral inhomogeneities in composition and extended
defects such as dislocations produce lateral variations in
strain and undulations in atomic planes. A measure of this
undulation is the width of the function used to convolve the
plane-wave, planar structure rocking curve. As mentioned
earlier, the divergence of the beam incident on the sample
was in all cases below 20 arcsec. An increase over this value
in the width of the convolving function indicates lateral in-
homogeneity in the sample. The calculated curves shown
above were convolved with Gaussians of 30-75 arcsec stan-
dard deviations. Thus, for both samples, there are undula-
tions of ~ { arcmin in atomic planes.

D. Elastic strains and determination of composition

The problem of the distribution of elastic strains in the
epitaxial layer and substrate is similar to the bimetal strip
problem whose solution may be found in standard texts.*!
The final state of strain may be thought of as resuiting from a
three-step process: (1) the epitaxial layer is strained to match
the in-plane interatomic spacing of a rigid substrate; (2) un-
der the action of the epitaxial layer the nonrigid substrate
and layer are strained without bending by an amount yield-
ing zero net force on the structure, but nonzero bending mo-
ment; (3) the structure acquires curvature when the bending
moment is removed. For imperfectly coherent epitaxy (i.e.,
the x-ray €' 0), the structure relaxes as if the initial misfit
were decreased by the x-ray parallel strain. From Vegard’s
law for alloyed materials, the (free) lattice parameter varies
linearly with composition. Assuming that elastic proper-
ties?? also vary linearly with composition, one can calculate
elastic strains for arbitrary combinations of epitaxial layer
and substrate. Comparison of calculated and measured
strains atlows determination of the composition.
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Using the commonly accepted®?%>° misfit of 1.4 103
between AlAs and GaAs, and the x-ray strain of layer b in
Table II, we obtain a peak Al concentration x = 0.935. In
layers a and ¢, the concentration of Al scales with the strain.
For the 500-um-thick GaAs substrate, the radius of curva-
ture is calculated to be — 25.5 m. At the interface with the
superlattice, the elastic perpendicular angd parallel strains of
the substrate are — 0.001 and + 0.001%, respectively.

Using lattice parameter values®® of 6.095 and 6.135 A
for GaSb and AlSb, respectively, and the measured x-ray €/

=0.03%, we calculate x-ray perpendicular strains of
— 0.027 and 1.27% for the GaSb and AISb layers, respec-
tively. The agreement with measured values, Table I1l, is
very good. At the interface with the superlattice, the sub-
strate perpendicular and paralle] elastic strains are — 0.004
and 0.004%, respectively. For the 500-um-thick substrate,
the calculated bending radius is — 7.5 m.

For both superlattice samples, the deformation of the
substrate is only a few percent of that of the epitaxial struc-
ture. This validates the (general) use of the free substrate
lattice parameter in the comparison of x-ray and elastic
strains in epitaxial structures on thick substrates.

V. CONCLUSION

We have given a simple expression relating the struc-
ture of the superlattice period to the structure of the rocking
curve. The form of this expression shows at a glance the
existence of equally spaced peaks whose intensities are deter-
mined by the structure of the superlattice period. The loca-
tion and intensity of the zeroth (and frequently largest) peak
measure the depth-averaged properties of the superlattice.
For a perfectly periodic superlattice whose period is a step
function, consideration of the three lowest-order peaks pro-
vides an analytic determination of the period. For more com-
plicated structures, including transition regions between the
layers of the period, one must consider the intensities of
higher-order peaks. Small, random fluctuations in layer
thicknesses and strains decrease the intensities of high-order
peaks with relatively small changes for low-order peaks. The
treatment above includes depth profiles of structure factor
and perpendicular and paralle! strains. Extension to arbi-
trary deformations, inciuding shear strains, is straightfor-
ward. For each additional strain component, an additiona}
rocking curve measurement is needed. The availability of a
large number of intense reflections allows verification of the
internal consistency of the profiles. The strain profiles, re-
ferred to the unit cell of the underlying substrate, are abso-
lute.

We have analyzed a GaAlAs/GaAs and an AlSb/GaSb
superlattice. The former is an example of smail modulation
of strain {GaAlAs on GaAs is frequently called “un-
strained”’) while in the latter the amplitude of strain modula-
tion is 1.28%. Combination of large perpendicular strain
and total thickness (6100 A) in the AISb/GaSb superiattice
produced a departure from perfectly coherent epitaxy. In
this sample, a uniform parallel {in-plane) strain of 0.03% was
measured. The parallel strain is accomodated by misfit dislo-
cations (~ 1 X 10°/cm?) localized in a narrow region at the
interface with the substrate. The measured perpendicular
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strain was in excellent agreement with the value calculated
from bulk lattice parameters, elastic constants, and the mea-
sured parallel strain. In the GaAlAs/GaAs superlattice, the
Al content was determined from Vegard’s law and elasticity
theory.

For the samples studied above, the periodicity and aver-
age strain were measured with a precision of ~1%. The
relative thickness of the layers and the strain modulation are
known to ~ 5%. Since for both samples the thickness of the
period was large (~600 A), one may ask whether the high
precision obtained above will hold for samples with periodi-
cities of 100 A or less. We believe that this will remain true,
because of the availability of a large number of asymmetric
reflections. In the generalized 4 and Y coordinates used
above, the structure (i.e., number, spacing, and relative in-
tensities of peaks) of the rocking curve is invariant. One may
choose the particular reflection by considering sensitivity
and convenience.

The x-ray rocking curve method enjoys a number of
advantages over ion channeling, Rutherford backscattering,

“electron diffraction, and Auger electron spectroscopy, all of
which have been used to measure properties of superlattices.
The complexity and cost of the apparatus are an order of
magnitude lower. The measurement of rocking curves is
simple, rapid, and reproducible. The measurement does not
destroy the sample. In epitaxial layers, the precision of com-
position determination is at least as good as that obtained by
other techniques. For measurement of strain profiles, the
rocking curve is unmatched by either channeling or electron
diffraction.

ACKNOWLEDGMENTS

Dr. Bruce M. Paine contributed in a major way to the
setting up of our diffractometer and data acquisition and
analysis system. During the initial critical stages of the de-
velopment, Dr. Paine guided us successfully through a mo-
rass of hardware and software problems. Since then we have
refied on him for general troubleshooting and advice on pro-
gramming. We are grateful to John Melvin for supplying us
with an initial graphics package and to Frank Cosso and
Prakash Kasiraj for systems programs. Professor M-A. Ni-
colet encouraged us at every step of this study. The work was

1600 J. Appl. Phys., Vol. 56, No. 6, 15 September 1984

supported by the Defense Advanced Research Projects
Agency (S. Roosild) under Contract (MDA 903-82-C-0348).

‘L. Esaki and L. L. Chang, Phys. Rev. Lett. 33, 495 (1974),

G. C. Osbourn, J. Appl. Phys. 53, 1586 (1982).

°F. W. Saris, W. K. Chu, C. A. Chang, R. Ludeke, and L. Esaki, Appl.
Phys. Lett. 37, 931 (1980).

*S. T. Picraux, L. R. Dawson, G. C. Osbourn, R. M. Biefeld, and W. K.
Chu, Appl. Phys. Lett. 43, 1020 {1983).

*W.K. Chu,J. A. Ellison, S. T. Picraux, R. M. Biefeld, and G. C. Osboumn,
Nucl. Instrum Methods 218, 81 (1983).

*W. K. Chy, C. K. Pan, and C.-A. Chang, Phys. Rev. B 28, 4033 (1983).

’J. M. Brown, N. Holonyak, Jr., M. J. Ludowise, W. T. Dietze, and C. R.
Lewis, Appl. Phys. Lett. 43, 863 (1983).

*W. J. Bartels and W. Nijman, J. Cryst. Growth 44, 518 (1978).

“W_J. Bartels and H. Veenliet, Inst. Phys. Conf. Ser. {1979) No. 45, Chap.
3, p.229.

1%y, S. Speriosu and H. L. Glass, U.S./France Seminar on Topography,
Snowmass, Colorado, 1983.

V. S. Speriosu, M-A. Nicolet, J. L. Tandon, and Y. C. M. Yeh (unpub-
lished).

'2]. Burgeat and D. Taupin, Acta Crystallogr. A24, 99 (1968).

A, Fukuhara and Y. Takano, Acta Crystallogr. A33, 137 (1977).

B, C. Larson and J. F. Barhorst, J. Appl. Phys. 51, 3181 {1980).

K. Komenou, L. Hirai, K. Asama, and M. Sakai, J. Appl. Phys. 49, 5816
(1978).

'°V. 8. Speriosu, J. Appl. Phys. 52, 6094 (1981).

\7V. 8. Speriosu, B. M. Paine, M-A. Nicolet, and H. L. Glass, Appl. Phys.
Lett. 40, 604 (1982).

8B, M. Paine, V. S. Speriosu, L. S. Wielunski, H. L. Glass, and M-A. Nico-
let, Nucl. Instrum. Methods 191, 80 (1981).

V. S. Speriosu and C. H. Wilts, J. Appl. Phys. 54, 3325 (1983).

A rmin Segmiiller, P. Krishna, and L. Esaki, J. Appl. Cryst. 10, 1(1977).

2R, M. Fleming, D. B. McWhan, A. C. Gossard, W. Wiegmann, and R. A.
Logan, J. Appl. Phys. 51, 357 (1980).

25, Hornstra and W. J. Bartels, J. Cryst. Growth 44, 513 {1978).

BW. H. Zachariasen, Theory of X-Ray Diffraction in Crystals (Wiley, New
York, 1945).

Speriosu is grateful to Drs. Lehel Zsoldos and Armin Segmiiller for ques-
tioning the general validity of Eq. (6} in Ref. 16.

V. S. Speriosu, M-A, Nicolet, S. T. Picraux, and R. M. Biefeld, Appl.
Phys. Lett. 45, 223 (1984).

2We thank Y. C. M. Yeh and J. L. Tandon of Applied Solar Energy Corpo-
ration for providing GaAlAs/GaAs superlattices.

?"We thank W. K. Chu of the University of North Carolina at Chapel Hill
for providing AlSb/GaSb superlattices.

83 A. Tbers and W. C. Hamilton, eds., International Tables for X-Ray Crys-
tallography, Vol. IV (Kynoch, Birmingham, 1974).

2G. A. Rozgonyi, P. M. Petroff, and M. B. Panish, J. Cryst. Growth 27, 106
(1974).

. Estop, A. Izrael, and M. Sauvage, Acta Crystallogr. A32, 627 (1976).

313ee, for example, R. F. S. Hearmon, An Introduction to Applied Anisotrop-
ic Elasticity (Oxford University, New York, 1961).

M. K. Farr, J. G. Taylor, and S. K. Sinha, Phys. Rev. B 11, 1587 (1975).

V. S. Speriosu and T. Vresland, Jr. 1600

Downloaded 16 Dec 2005 to 131.215.225.9. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



