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Determination of multilayer thicknesses of GaAs/AlAs
superlattice by grazing incidence X-ray reflectivity
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Abstract. The grazing incidence X-ray reflectivity is used to determine the multilayer thickness of
GaAs/AlAs supperlattice. The measurement process includes the fitting model and the measurement con-
ditions (different powers of 45 kV x 40 mA, 40 kV x 40 mA and 35 kV x 40 mA, different step sizes
of 0.005°, 0.008° and 0.010°, and different times per step of 1 s, 2 s, 3 s). In order to obtain the valid
measurement process, the combined standard deviation is used as the normal of the fitting results selection.
As a result, the measurement condition of 0.008° step size and 2 s time per step with the power 40 kV x
40 mA is selectable with the operation stability of facilities and smaller error.
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1 Introduction

Thin and multilayer films with thickness of a few nanome-
ter are widely used in the solid state electronic and op-
toelectronic devices [1,2]. Many techniques are used to
characterize the thin film thickness. Sputter techniques
like secondary ion mass spectrometry (SIMS) and sputter-
assisted Auger electron spectroscopy (AES) allow the layer
thickness and composition to be estimated, but they pro-
vide an absolute thickness only with reference to a stan-
dard. Optical methods like photoluminescence (PL) and
atomic force microscopy (AFM) [3] give further informa-
tion, but they impose restrictions on the structure to
be investigated. Finally, transmission electron microscopy
(TEM) allows the determination of the layer thickness;
however, sample preparation is complicated and destruc-
tive [4]. Grazing incidence X-ray reflectivity (GIXRR) is
a powerful and effective method for characterizing film
thickness, surface/interface roughness and density for ul-
tra layers without any damage of the materials [5-7].
Moreover, GIXRR is an absolute method to give the struc-
ture parameters without any reference to the standard. We
have studied the traceability of the angle and wavelength
of the GIXRR instrument in our institute [8,9]. Single
layers and multilayer stacks can be investigated without
limits on the type of materials present [10-13].

However, the thickness obtained from GIXRR is based
on the fitting results, which should compare the fitting
curve with the measured curve. In fact, the fitting values
are different even for fitting the same curve with satis-
factory fitting plots if we slightly change the fitting pa-
rameters. As a result, the selection normal is needed to
make sure the fitting results are reliable and measurement
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conditions are matched. As we know, reliable thickness
results are critically important especially for thin films
with thickness of a few nanometers, because even a 1
nm error will lead to device damage [14]. Previous re-
search have been done on thin film thickness measure-
ments by GIXRR [15-17], but few reports have focused
on the reasons for the choice of parameters used to de-
termine the film thickness. In this paper, we will use the
combined standard deviation (CSD) as the normal of the
result selection to discuss the determination of fitting re-
sults and optimal measurement conditions. The superlat-
tice GaAs/AlAs with perfect film structure was measured
in this paper to evaluate the accuracy of the measurement
thickness.

2 Mechanism

The GIXRR measurement process includes obtaining the
measurement plot and fitting this plot to obtain the final
result. Different fitting parameters will lead to similar fit-
ting curves, since slight variations in the thickness, density
and roughness have little effect. In order to achieve reli-
able results, the measurement reliable evolution formula is
used as shown in the formulas (1)—(4) [18], where x; is the
result of the ith simulation, n is the simulation times, r is
the repeatability, x,, and z,, are the separated simulation
results, s, is the standard deviation and Z is the average
of the simulation results. When the results are fitted to
the formula (3), they are reliable. Based on these formu-
las, at least three satisfactory simulations are obtained for
the same plot, and every simulation is treated as a sepa-
rate test. As a result, the average of all of valid simulation
results is the final result.

In order to determine the best measurement condition,
multi-measurements are applied at the same measurement
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condition, and then every plot is multi-simulated reli-
ably based on the formula (3). Finally, the film thickness
Ty, from the simulation results is calculated by the for-
mula (5), and the combined standard deviation (CSD) s
is calculated via the formula (6). m is the valid simulation
times and T, is the average of valid simulation results for
the same measurement, and n,, is measurement times. s,,
is then the standard deviation of valid simulations for the
same measurement with multi reliable simulations.
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3 Experiments

The GaAs/AlAs superlattice was grown by molecular-
beam epitaxy (MBE). A semi-insulting epiready (100)
GaAs wafer was used as a substrate. After oxide desorp-
tion of a substrate surface, a 500-nm-thick GaAs buffer
layer was grown at 600° to minify the interface roughness
as far as possible. Then the 3 periodic modulation of the
fluxes of Ga/As and As/Al concentration was made and
nearly stoichiometric GaAs/AsAl layers were obtained. By
setting an identical time length for opening and closing of
the fluxes of Ga/As and As/Al, the thickness of individ-
ual layers of nominal value 10 nm was obtained, except
the first layer which was 20 nm.

Grazing incidence X-ray reflectivity measurements
(GIXRR) were performed using a normal X-ray diffrac-
tometer PANalytical’s X’Pert PRO system equipped with
a parabolic multilayer X-ray mirror after collimation
adjustment. The X-ray wavelength of Cu Ka (A =
1.54178 A) line was used for the measurements. The spec-
ular reflectivity curves were recorded with w—26 scans. It
employed the optical matrix method, based on the expres-
sions of Parratt [18], for the simulation of GIXRR curves
of layered systems by the version 1.2 of X’Pert reflectivity
software.

The superlattice structures were characterized by
cross-sectional analysis on a JEM-2010 electron micro-
scope (JEOL Ltd., Japan).

4 Results and discussion

The GaAs/AlAs superlattice grown by molecular-beam
epitaxy (MBE) was measured by TEM (shown in Fig. 1).

Fig. 1. The TEM image of the GaAs/AlAs.

Table 1. The thickness results by GIXRR and TEM.
GaAs/AlAs film  GIXRR TEM*®

Oxide layer Z, 0.99 /
1st Z,n, (nm) 20.12 19.53
5t Zpy (nm) 10.60  10.34
3st Zpm (nm) 10.07 10.39
48t Ty (nm) 1059 10.76
58t T, (nm) 10.06 9.81
65t T (1) 10.59  10.33

& The average values of different position measurements.

Table 2. The fitting model of measured data.

GaAs oxides (1 nm—5 nm)
GaAs (20 nm)

AlAs (10 nm)

GaAs (10 nm)

GaAs (substrate 350 000 nm)

3 periods

The image shows that the superlattice is assembled layer
by layer, indicating that we have obtained a well struc-
tured GaAs/AlAs superlattice. The thickness of every
layer is assessed from the TEM image as shown in Ta-
ble 1, which is consistent with the nominal value of layer
thickness by MBE.

5 Fitting process

The previous research has shown that the fitting model
has great effect on the simulation results [1]. Therefore,
it’s necessary to construct the fitting model based on the
materials. In our research, GaAs and AlAs are very easy
to be oxidation, so the fitting model is shown in Table 2.
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Fig. 2. The simulation results of superlattice determined by GIXRR.

There is an added oxide-layer in the fitting model, and
the buffer layer is ignored due to its similar density with
the substrate. The simulation results based on the fitting
model in Table 1 are shown in Figure 2.

As shown in Figure 2, excellent agreements between ex-
perimental data and theoretical simulations are obtained
with the different fitting parameters, indicating that our
fitting model is right, but the simulation results between
Figures 2a and 2b, such as density, roughness and thick-
ness show some differences. So we need a certiorari to de-
fine the final results. Because the thin film thickness is of
critical importance for applications, it is used to study the
reliable simulations and measurement process.

Based on the formulas (1)—(4), at least three satisfac-
tory simulations are obtained for the same plot, and every
simulation is treated as a separate test. When the results

are fitted to the formula (3), they are reliable. As a result,
the average of all of the valid simulation results is the final
result. The fitting results are shown in Table 1. The final
thicknesses are consistent with the TEM results.

6 Measurement conditions

Figure 3 is the overlay of measurement plots of the
GaAs/AlAs superlattice at the step size 0.008° and the
time per step of 2.00 s and different powers, 45 kV x
40 mA, 40 kV x 40 mA and 35 kV x 40 mA, separately.
As shown in Figure 3, the plots are a little different and we
cannot indicate which condition is better. In order to de-
termine the better measurement condition, four measure-
ments are applied at every same measurement condition,
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and then every plot is multi-simulated based on the for-
mula (3). Finally, the film thickness Z, from the simu-
lation results is calculated by the formula (5), and the
combined standard deviation (CSD) s is calculated via
the formula (6), which are shown in Figure 4.

As shown in Figure 4a, the thicknesses are consistent
at the powers 45 kV x 40 mA and 40 kV x 40 mA, but the
CSDs of simulation thicknesses at power 40 kV x 40 mA is
smaller than those at powers 45 kV x 40 mA and 35 kV x
40 mA with big fluctuations. The reason is probably that
the lower incident X-ray power of 35 kV x 40 mA causes
more noise, so the determined thickness is not consistent
with the others and the CSD is higher. When the power
is 45 kV x 40 mA, which is near to the limited power
of the facility, the incident X-ray energy is high, but the
stability of the facility decreases, as a result, this thickness
is reliable while its CSD is large. As we know, the CSD
is smaller indicating that the measurement condition is
better. So the CSD is a ruler for the confirmation of the
results. Therefore, the power 40 kV x 40 mA is a good
condition for GIXRR measurements.

In order to save operation time and keep the high mea-
surement accuracy, different step sizes of 0.005°, 0.008°
and 0.010° and different times per step of 1 s, 2 s, 3 s
with the power of 40 kV x 40 mA were studied. Simi-
larly, the thicknesses and CSDs are calculated based on
the formulas (5) and (6) shown in Figure 5.

As shown in Figures ba and 5b, the thicknesses are
consistent and the CSDs are small at the lower step size
0.005° and 0.008°. The main reason is probably that more
counts are collected and simulated at smaller step size.
However, the measurement time is more prolonged at the
0.005° step size than at the 0.008° step size, so we suggest
that the 0.008° step size is the better selection.

Figure 6 is the thicknesses and CSDs of simulation re-
sults at different time per step with the 0.008° step size

Fig. 3. Measurement plots of the
' EI; - GaAs/AlAs superlattice by XRR at
powers (a) 45 kV x 40 mA, (b) 40 kV x
40 mA, (c) 35 kV x 40 mA.
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Fig. 4. The thicknesses (a) and MSDs (b) of simulation results
at powers (H) 45kV x 40 mA, (¢) 40kV x 40 mA, (4) 35 kV x
40 mA.
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Fig. 5. The thicknesses (a) and MSDs (b) of simulation results
at step size (H) 0.005°, (¢) 0.008°, () 0.010°.

and power of 40 kV x 40 mA. As shown in Figure 6a, the
thicknesses are selectable when the time per step is 2 s.
Moreover, the CSDs and their fluctuation at the time per
step 2 s is the lowest in Figure 6b. Because the time per
step decides the time of collection, more counts are col-
lected at the longer time per step, such as 3 s, while fewer
counts were collected at shorter time per step (1 s). How-
ever, more counts probably include more noise, so it would
cause higher CSDs. So we suggest the time per step of 2 s
is a good selection.

7 Conclusions

The measurement process of GIXRR technology includes
the fitting process and the measurement conditions. The
combined standard deviation is a valid ruler for the fit-
ting result and measurement condition selections. For the
operation stability of facilities and smaller error, the mea-
surement condition of 0.008° step size and 2 s time per
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Fig. 6. The thicknesses (a) and MSDs (b) of simulation results
at time per step (H) 1 s, (o) 2's, (A) 3 s.

step with power 40 kV x 40 mA is preferable. The thick-
ness results by GIXRR are consistent with those by TEM.
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