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Detailed compositional and structural analyses of superlattices have been carried out by mega-
electron-volt He* backscattering with channeling and with x-ray rocking curves. Through the com-
bined use of the two techniques, depth profiles of strain, composition, and crystalline quality have
been determined. An example of an Al,Ga;_,As/GaAs strained-layer-superlattice (SLS) is con-
sidered. The thicknesses of the individual periods in these SLS structures were accurately measured
by backscattering spectrometry. The values so obtained were used in the detailed calculations of x-
ray rocking curves. Excellent agreement between measured and calculated curves was achieved.
Transition regions at the interfaces of the various layers in the SLS were also detected and measured
by both techniques. The two techniques complement each other and together provide powerful

quantitative tools to characterize SLS structures.

I. INTRODUCTION

Modern epitaxial techniques, e.g., metal organic chemi-
cal vapor deposition (MOCVD) and molecular beam epi-
taxy, have made possible the growth of thin compound
semiconductor superlattices. These structures, because of
their unique optical and electrical properties,"”? open up
new possibilities in the fabrication of solid-state lasers and
high-speed devices.® Advancement in the realization of
these devices demands a thorough characterization of the
structure of the related materials. Analysis of such ma-
terials is also mandatory for the understanding of the
physical phenomena associated with the performance of
these devices.* Material studies on strained-layer-
superlattice (SLS) structures have been carried out by a
variety of analytical techniques, e. g., Auger electron spec-
troscopy, secondary-ion mass spectrometry,’ transmission
electron microscopy,® x-ray diffraction,” backscattering
spectrometry (BS) with channeling,’~!! etc.

In this paper, BS with channeling and x-ray rocking
curves has been employed to analyze Al,Ga;_,As/GaAs
SLS structures. The combined use of the two techniques,
along with the detailed interpretation of x-ray rocking
curves, provides quantitative information on the depth
distribution of strain, composition, and crystalline quality
in the SLS structures. The power and complementary na-
ture of these two techniques in analyzing SLS structures
are demonstrated.

II. EXPERIMENTAL

The Al,Ga,_,As/GaAs SLS samples were grown in a
large-capacity MOCVD reactor on semi-insulating GaAs
wafers oriented ~2° off the {(100) axis.!?> Two structures,
SLS1 and SLS2 with 10 and 15 periods, respectively, were
grown. Each period consisted of two layers of
Al,Ga;_,As and GaAs. SLS1 had thinner layers than
SLS2.

Backscattering spectrometry measurements were made
with a 2.0-MeV He™ beam. In certain instances, to obtain
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high depth resolution near the surface, the samples were
tilted at an angle of 80° with respect to the beam. The
detector had a resolution of ~ 18 keV. Channeling mea-
surements were carried out along (100) and (110) axes.
Adjustments in the tilt and azimuthal angles were made
iteratively to obtain the lowest possible minimum yields.
Angular scans of yield made around the angles so deter-
mined were symmetric. X-ray rocking-curve measure-
ments were performed with a nearly monochromatic Fe
Ka, line. A computer-controlled double-crystal diffrac-
tometer was used. The beam was rendered nearly mono-
chromatic by (400) reflection from a (100)-oriented
GaAs crystal. The spot size of the x-ray beam was
~0.5%1.0 mm? Rocking curves were obtained from
symmetric (200) and (400) reflections. The measured
curves were fitted using a kinematic model of x-ray dif-
fraction in thin epitaxial layers, while the diffraction in
the substrate was treated dynamically.!3

III. RESULTS

A. Backscattering spectrometry measurements

The capability of the BS technique in the analysis of
SLS structures is illustrated in Fig. 1. Random spectra
from the SLS2 and virgin GaAs samples are compared.
Three distinct regions in the BS spectra in Fig. 1 can be
identified. In region I, the oscillations in the SLS2 spec-
trum are due to the modulated concentration of Ga in the
layers consisting of the SLS structures. The number of
periods (=15) can clearly be counted. The SLS2 spec-
trum has a lower yield than the virgin GaAs spectrum in
region I. This is because of a limited depth resolution of
the system for a 25° tilted-angle geometry. Near the
boundary of region II, the smearing of oscillations in re-
gion I can be explained by the interfering Al signal from
the near-surface Al,Ga,_,As layers. In the SLS2 spec-
trum, region II corresponds to the yield obtained from the
GaAs substrate below the SLS structure. This yield is
higher than the yield from the virgin GaAs sample be-
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FIG. 1. BS spectra of 2-MeV He* obtained for random in-
cidence on SLS2, 15 periods (dotted lines), and virgin GaAs
samples (solid lines). The SLS spectrum contains 15 maxima
and minima, in region I, which indicates the number of the
Al,Ga,_,As/GaAs periods.

cause of the added Al signals. The modulated Al signal
from the SLS structure cannot be clearly detected in this
region because of the high GaAs background level and the

limited sensitivity of the BS technique to light elements in
a heavy matrix (Al in GaAs in this case). BS yield from
the SLS2 and the virgin GaAs samples are nearly identi-
cal in region III. This agreement is accidental, which may
be due to the difference in charge collection during ac-
quiring the two spectra. Calculations of the BS yield in
region III using tabulated stopping cross-section and
energy-loss values!* showed that the yield for the virgin
GaAs should be ~ 10% higher than that for the SLS2
sample.

To analyze the surface layers of the SLS2 sample in
further detail, a high-resolution BS spectrum was obtained
with a tilted angle of 80°. This is shown in Fig. 2, along
with the reference virgin GaAs spectrum. The BS yields
from both the SLS2 and the virgin samples are identical
at the surface, indicating the existence of a pure GaAs
layer at the surface of SLS2. This result could not be as-
certained from the spectrum in Fig. 1 because of limited
resolution. The progressively lower yields of the GaAs
layers below the surface of the SLS2 sample, when com-
pared with the reference virgin GaAs sample (Fig. 2), are
mainly due to the difference in the stopping powers of the
Het beam in the two cases. In the high-resolution spec-
trum of the SLS2 sample, uneven transition regions at the
interfaces of the GaAs and Al,Ga,_,As layers can also
be detected. Details of these regions with respect to their
thicknesses and compositional variations will be discussed
later.

Channeling measurements along (100) and (110) axes
(not shown) were also carried out. The minimum yields
of the SLS samples are similar to those of virgin GaAs,
which confirms the high crystalline quality of the SLS
structures. Angular scans made across the (110) axis
with energy windows placed in the near-surface GaAs and
Al,Ga;_,As layers in both the SLS1 and SLS2 samples
could not detect any strain in the superlattice structures.
The precision of our channeling system is good enough to
measure a strain of 1.2% in the ion-implanted materials.'
Thus in the Al,Ga,_,As/GaAs SLS structures, the ex-
pected strain should be < 1.2%.
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FIG. 2. High-resolution (80° tilted ) BS spectra for random
incidence on SLS2 and virgin GaAs samples. Near the surface,
the yield from the SLS2 sample reaches the yield from the vir-
gin GaAs sample, which implies that the surface layer in the
SLS2 sample is pure GaAs.

B. X-ray rocking-curve measurements

X-ray rocking-curve measurements were made on both
SLS1 and SLS2 samples. Figure 3(a) shows measure-
ments made (dashed line) on the SLS1 sample with (200)
reflection. The reflecting power plotted on the vertical
axis has been normalized with respect to the power of the
incoming beam. The angle A0 is measured relative to the
Bragg angle (03~20°). Several peaks (pg,p1,p_1,...) in
the rocking curve are due to the periodicity in the SLS
structure. The substrate peak p,,, is embedded in the ma-
jor SLS peak, py in this case. In the kinematical regime,
the reflecting power is proportional to the square of the
structure factor.!® Since in the (200) reflection the struc-
ture factor of GaAs is an order of magnitude lower!’ than
that of Al,Ga;_,As, pgy, is buried in py. Corresponding
measurements were carried out in the (400) reflection,
where pg,, and po could be well separated. The average
strain (€) in the SLS samples was measured from the
(400) rocking curves (not shown), as follows:
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FIG. 3. (a) Plots of Fe Ka; (200) reflection x-ray rocking
curves from sample SLS1. The dashed line is measured. The
solid line is calculated by using the strain depth profile in (b).
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where €,,€;, and t,,?, are the strains and the thicknesses,
respectively, of the two layers: a, Al,Ga;_,As and b,
GaA:s, consisting of one period of the SLS sample: A6, is
equal to the angular difference between the peaks, po and
Psub; and 05 is the Bragg angle of the substrate. Equation
(1) is rigorously valid for perfectly periodic superlattice
with two layers in each period.

The rocking curve measured in the (200) reflection pro-
vides a higher sensitivity to the thickness and composition
variation in the periods of the SLS sample, when com-
pared to the measurements in the (400) reflection.!® The
(200) reflection case is thus considered here. Referring
back to Fig. 3(a), the angular separations between subsidi-
ary peaks (Agpo—pl’Aepo—p_n' .. ) are all equal and are
related, for symmetric reflections, to the average thickness
of the period of the superlattice, according to the relation

...____)\.'___ (2)

2tcosOp ’

A6, =A0, po—p_1 =

0—P1

where A is the wavelength of the x rays, and ¢ is the aver-
age thickness of one period. The measured curve in Fig.
3 (a) (dashed line) was fitted with a calculated curve (solid
line) using a kinematic model of x-ray diffraction in thin
epitaxial layers. An iterative approach was adopted in the
fitting, keeping the measured average strain [Eq. (1)] and
the measured average thickness [Eq. (2)] values constant.
Good fitting (note the logarithmic ordinate) was only ob-
tained by accommodating transition regions at the inter-
faces of GaAs and Al,Ga;_,As layers. The average
depth strain profile for this fitting is shown in Fig. 3(b).
The Al concentration is also plotted in Fig. 3(b), since by
Vegard’s law,!® perpendicular strain is linearly proportion-
al to the Al concentration in the Al,Ga;_,As layers.
Another important inference from Fig. 3(b) is that in the
growth of the SLS1 sample, pure GaAs layers were not
achieved.

IV. DISCUSSION

Figures 1 through 3 provide insight into the structural
properties of Al,Ga,_,As/GaAs SLS samples. In partic-
ular, the combined use of the two techniques (BS and x-
ray rocking curves) gives information on the depth distri-
bution of strain, composition, and crystalline quality. In
this section, we demonstrate the complementary aspects
of the two techniques in providing further details.

A. Individual period thickness determination

The ability of BS to determine the thicknesses of mul-
tilayered thin films is well established.!* The thicknesses
of the periods of the SLS1 and SLS2 samples were deter-
mined from the stopping-power data 4 of He* in GaAs
and Al,Ga;_,As layers. For these calculations, the nom-

2345

inal value of x =0.88 in the Al,Ga,_,As layers was as-
sumed as estimated from growth parameters. This value
of x was later verified by BS and x-ray measurements (see
Figs. 2 and 3). For individual period-thickness calcula-
tions, the energy loss between the two adjacent peaks in
the BS spectrum (see Fig. 1) was used. The average period
thickness was also estimated by dividing the total
thicknesses of the SLS samples by their respective number
of periods. For the total-thickness calculations, the ener-
gy loss between regions I and II in Fig. 1 was used. The
individual period thicknesses in SLS1 and SLS2 samples
are plotted in Fig. 4, along with the average period
thicknesses. The average thickness measurements made
by BS agreed very well with those obtained by the x-ray
rocking curves. Variation in the individual period
thicknesses of the SLS samples are noticeable from Fig. 4,
which may be related to the growth parameters. The rela-
tively strong deviation from the average period thickness
near the substrate interface may be due to the uncertainty
in estimating the peaks in SLS BS spectra (see Fig. 1) due
to the interfering Al signals.

The individual period thicknesses obtained by BS mea-
surements, as described above, were then used to recalcu-
late the x-ray rocking curve of the SLS1 sample. In this
calculation, the parameters used were similar to those in
Fig. 3(b), except that the thicknesses of the individual
periods were now varied according to the BS results of
Fig. 4, while keeping the sum of the products of strains
and thicknesses in each period constant [see Eq. (1)]. The
calculated rocking curve so obtained is compared with the
measured curve in Fig. 5(a). The corresponding depth
strain profile is shown in Fig. 5(b). As can be observed,
better agreement between calculated and measured curves
is achieved in Fig. 5(a) when compared with Fig. 3(a),
especially for higher-order peaks. Notice here that BS
and x-ray rocking-curve techniques provide details on the
structure of the SLS samples that nicely complement each
other. The variation in the period thicknesses of the SLS
samples can thus be claimed as real with good confidence.
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FIG. 4. The individual and average period thicknesses of
SLS1 (10 periods) and SLS2 (15 periods) derived from BS spec-
tra as shown in Fig. 1 for the SLS2 sample. X-ray thicknesses
were extracted from the fitted rocking curves in (200) and (400)
reflections, e. g., as shown in Fig. 3 for the SLS2 sample.
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FIG. 5. (a) The dashed line is the Fe Ka; rocking curve for
the (200) reflection measured from the SLS1 sample shown also
in Fig. 3(a). The solid-line rocking curve was calculated by us-
ing the thickness of the individual periods measured by BS (Fig.
4) which gave the depth profile of strain shown in (b).

B. Transition regions

In the analyses of the SLS1 and SLS2 samples, the tran-
sition regions between the Al,Ga;_,As and GaAs sub-
layers are detected by both BS and x-ray rocking curves
(see Figs. 2 and 3). The aluminum concentration and
strain profile as a function of depth in the first period
below the surface of the SLS2 sample is shown in Fig. 6.
The profile derived from x-ray rocking curves was ob-
tained in a fashion as is described in Fig. 3(b). The steps
in this profile are merely representative of the real distri-
bution, which should be continuous.?® The Al-
concentration profile, measured by BS and plotted in Fig.
6, was obtained from Fig. 2. The Al concentration (x)

A
was calculated from the heights H g, _T;fxs *and H S:TAS
as defined in Fig. 2, using the relation

Hg:isAs _ YGaT7YAs A3)
Al Ga,__As ~ (1__ ' ;o
Gaxl_xl-{-As (1 x”’Ga""VAs

Al_Ga As .
where H334%, and Hgl os™* are the total BS yields

from Ga and As in pure GaAs and Al,Ga,;_,As, respec-
tively. YGas YAsYGarY As are the ratios of the scattering to
the stopping cross section parameters of He™ from Ga
and As in GaAs and in Al,Ga,_,As, respectively.!* The
accuracy in the composition measurement is within +
1%. Excellent agreement in the transition regions as
determined by BS and x-ray curves is observed. The com-
plementary nature of the two techniques is again exempli-

Period Thickness (R)

FIG. 6. Depth distribution of strain and the Al concentration
in the first period of the SLS2 sample. The strain profile was
derived from the x-ray rocking curve, as explained in Fig. 3.
The Al concentration profile was determined from the BS spec-
trum of Fig. 2 (see text). Excellent agreement exists between the
two techniques.

fied. The nonsymmetric and nonabrupt profile within a
periozg of the SLS is real and related to the growth pro-
cess.

V. CONCLUSIONS

The combined use and power of BS and x-ray rocking
curves in analyzing Al,Ga,_,As/GaAs SLS structures
have been demonstrated. The two techniques complement
each other in providing detailed information on the depth
distribution of strain, composition, and crystalline quality
in these structures. Such detailed information has not
been accessible by previously used techniques. The analy-
ses carried out in this paper can be easily extended to a
variety of other strained-layer-superlattice structures. The
quantitative information thus obtained should prove use-
ful not only to the growers of SLS, but also in exploring
their future uses in device structures.
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