Vol. 32, No. 4 Journal of Semiconductors

April 2011

X-ray reflectivity and atomic force microscopy studies of MOCVD grown
Al,Ga;_,N/GaN superlattice structures*
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Abstract: The grazing incidence X-ray reflectivity (GIXR) technique and atomic force microscopy (AFM) were
exploited to obtain an accurate evaluation of the surfaces and interfaces for metalorganic chemical vapor deposition
grown Al,Ga;_,N/GaN superlattice structures. The X-ray diffraction results have been combined with reflectivity
data to evaluate the layer thickness and Al mole fraction in the AlGaN layer. The presence of a smooth interface is
responsible for the observation of intensity oscillation in GIXR, which is well correlated to step flow observation
in AFM images of the surface. The structure with a low Al mole fraction (x = 0.25) and thin well width has a
rather smooth surface for the R, of AFM data value is 0.45 nm.
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1. Introduction

The wide-bandgap III nitride semiconductors have at-
tracted much attention for their optoelectronic applications.
Among these compounds, Al,Ga;_,N/GaN heterostructures
have been the subject of intensive investigation, because their
large band offset and large polarization effect make them
suitable for applications in high voltage and high power mi-
crowave devices, such as high-electron-mobility transistors
(HEMT)[! and field-effect transistors (FET)!2~%). The AlGaN
layer thickness, composition and strain are significant para-
meters in the AIGaN/GaN HEMT structure, which determine
the two-dimensional electron gas (2DEG) sheet charge density
in the channel resulting from piezoelectric and spontaneous
polarization. Hence, the accurate determination of these para-
meters is very important.

Compared with the AIN/GaN heterostructures grown by
molecular beam epitaxy (MBE)[!0] it seems that those grown
by metalorganic chemical vapor deposition (MOCVD) have
a problem in achieving abrupt and flat heterointerfaces. This
might be due to the higher substrate temperatures in MOCVD
and the three-dimensional growth of AIN on GaN. An abrupt-
ness and a flatness of heterointerface are very important para-
meters to achieve high performance in the above devices. As a
quantitative method for characterizing the abruptness of a het-
erointerface, grazing incidence X-ray reflectivity (GIXR) was
proved to be effective to estimate structural features in het-
eroepitaxial layers!']. When applied to a smooth AIGaN/GaN
superlattice (SL), GIXR can provide detail about not only the
thickness of the individual layers in a multilayer periodicity
but also the root-mean square (RMS) roughness on the inter-
faces and surface. In conjunction with X-ray reflectivity, X-ray
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diffraction (XRD) is employed to obtain epi-layer crystallinity,
layer thickness and composition[!2]. Cross related to X-ray re-
flectivity techniques is atomic force microscopy (AFM) sur-
face morphology for the evaluation of epi-layer quality. While
the GIXR is able to obtain information at small length scales,
AFM images can reveal the presence of large vertical fea-
tures that tend to mask the surface characteristics at nanometer
length scales. In addition to surface roughness, the presence
of step flow growth can readily be assessed by AFM. In this
study, surface roughness measurements were performed with
these two techniques to accurately characterize the surface of
Al,Ga;_xN/GaN SL grown by MOCVD.

2. Experiment

The samples of six-period Al,Ga;_xN/GaN SL were
grown by low-temperature MOCVD in a vertical reactor
(Thomas Swan 3x2"” CCS) on (0001) sapphire substrates us-
ing TMGa and NH3 as precursors and H,/N; as a carrier gas.
An in situ interferometer setup was used to monitor the growth
procedures. Reflectance was detected using a semiconductor
laser operating at a wavelength of 635 nm, which points at the
sample surface through a quartz probe fed through the shower-
head of the reactor. Reflectance was recorded and normalized
to the reflectivity of the bare sapphire substrate. After deposit-
ing a low-temperature GaN nucleation layer, a 2 um-thick un-
doped GaN buffer layer was grown at about 1030 °C. Then
a six-period Al,Ga;_,N/GaN SL was grown on the undoped
GaN at 1040 °C, under pressure of 70 Torr. Five samples were
grown, in which the barrier width is about 10 nm, while the
Al mole fraction varies from 0.25 to 0.45 and the well width
varies from 4 to 7 nm. A high-resolution X-ray diffraction sys-
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Table 1. Well width, barrier width, composition of AlGaN layer, FWHM of XRDCRC and surface roughness by GIXR and AFM for samples

A,B,C,DandE.
Sample Well width Barrier width Al mole XRDCRC FWHM  Rimg RX .« Ram
No. (nm) (nm) fraction (arcsec) by GIXR (nm) by AFM (nm) by AFM (nm)
A 4.0 10.6 0.25 217 0.50 0.45 0.30
B 59 10.6 0.25 210 0.78 0.88 0.54
C 6.8 10.6 0.25 230 0.98 1.03 0.70
D 4.0 10.6 0.35 250 0.55 0.66 0.46
E 4.0 10.6 0.45 202 1.20 1.70 0.85
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Fig. 1. X-ray diffraction profile of sample A. Clear fringes due to the
AlGaN layer were observed.

tem (Philips MRD) with a four-crystal Bartel monochrometer
and CuKa 1 line at 1.54056 A was used to determine the barrier
and well width as well as the Al mole fractions. Philips soft-
ware based on the Takagi—Taupin modell'3!4l was used for
diffraction profile simulation. The GIXR was measured by a
260w scan from 0.4° to 5.0°. For GIXR simulations, we used a
fitting based on the theories of Parrat!!>] and Nevot—Crocel'6].
The surfaces of the samples were observed by AFM (SII Nano
Technology Inc.) using dynamic force mode. The size of the
area measured by AFM is significant in relation to the RMS
roughness value that it produces. A 1 x 1 um? area is often
relatively flat and is not an accurate representation of the sur-
face, while a 5 x 5 um? area represents the surface much better.
We use such an area for quantifying the surface roughness. To
obtain reliable AFM images as well as surface roughness data,
at least five regions of each sample were examined. The root
mean square deviation R« and arithmetic mean deviation Rapy
of AFM data values for a given area were used to describe the
surface roughness of the samples.

3. Results and discussion

The high-resolution X-ray diffraction profiles of five sam-
ples were exploited to accurately evaluate thickness, Al mole
fraction, and crystallinity. These are listed in Table 1. Since
the well and barrier layer are thin, they remain pseudomor-
phic and almost fully strained. This allows determination of
the Al mole fraction, assuming Vegard’s rule of linearity of lat-
tice constant with composition for a ternary compound. The
Poisson ratio values used in our calculations were evaluated by
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Fig. 2. GIXR spectra of samples A, B, C, D and E.

Wrightl!7]. The GaN buffer layers were measured to be fully
relaxed and the full width at half maximum (FWHM) of the
(0002) reflection X-ray double-crystal rocking curve profiles
are within 200-250 arcsec. These high values of GaN FWHM
are attributed to the mosaic spread existing in the GaN films,
which can be evaluated and separated from the residual strain
by triple axis high resolution XRD measurements. Figure 1
shows the triple axis XRD profile and simulated curve of sam-
ple A. The FWHM is only 31 arcsec for the GaN line. Clear
fringes due to the AlGaN layer were also observed, indicating
arelatively smooth and abrupt AlIGaN/GaN heterointerface and
high structural quality of the epi growth.

The results of GIXR are shown in Fig. 2. The intensity os-
cillations due to the AlGaN layer are clearly visible in these
profiles, indicating rather smooth surfaces and interfaces. Es-
pecially in the profile of sample E, remarkable oscillation can
be observed which is due to the high Al mole fraction. On the
other hand, as shown in Fig. 2, the X-ray reflectivity intensity
slowly decreased for samples A and D compared to samples
B, C and E. This suggests that the surface and the interface
roughnesses of samples A and D are more abrupt than sam-
ples B, C and E, which is consistent with the surface roughness
measured by AFM, as shown in Table 1. The simulated surface
roughnesses Rns of these five sample profiles are also listed
in Table 1. The composition and thickness of the AlGaN lay-
ers in the simulation were confirmed by XRD radial scanning
along (0002). The roughness, thickness and density of the indi-
vidual layers were estimated from the fitting of the GIXR sim-
ulation profile. Here, in Table 2 the description and parameters
of sample A are tabulated. The interfaces are rather smooth
for the roughnesses are only around 3 A. The average thick-
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Table 2. Description and parameters for six-period GaN/Al,Gaj—xN SL structure (sample A).

Layer Roughness, d; (A) Thickness, dj (A) Density (g/cm™3)
(1) GaN 5.0 45.7 3.871
(2) Alp.25Gag.75N 3.6 101.2 5.882
(3) GaN 32 43.0 5.930
(4) Alp.25Gag.75N 2.9 109.9 5.862
(5) GaN 2.8 423 5.910
(6) Alp.25Gag.75N 2.6 110.0 5.877
(7) GaN 2.6 353 5.931
(8) Alp.25Gag.75N 2.5 110.3 5.908
(9) GaN 2.3 41.0 5.995
(10) A10‘25Gao.75N 2.2 103.6 5.895
(11) GaN 2.0 44.7 5.960
(12) Alg.25Gag. 75N 1.7 114.2 5.882
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Fig. 3. Relationship between surface roughness and lattice mismatch.
Sample A (x = 0.25), D (x = 0.35) and E (x = 0.45) have the same
well and barrier widths.

nesses of GaN and AlGaN are very close to the results of high-
resolution M-ray diffraction. The density of the individual lay-
ers indicated the existence of strain. They are all compressed
due to the thermal strain which is originated from the differ-
ence of thermal expansion coefficients between epi-layers and
substrates during cooling from the growth temperature to room
temperature. The layer (1) was part oxidized, which has been
confirmed by auger electronic spectrum (AES), so it has much
lower density than other epi-layers.

While GIXR affords macroscopic measurement of surface
roughness, AFM evaluates microscopic scale roughness. The
AFM roughness values R* . and R,y given by a 5 x 5 jum?
area are also listed in Table 1. The results show that the surface
roughnesses by GIXR agree with the data estimated by AFM,
indicating that GIXR is effective in estimating the structural
properties of AlIGaN/GaN heterostructures. Figure 3 shows the
relationship between surface roughness and the lattice mis-
match. For comparison, the chosen samples have the same well
and barrier widths but different lattice mismatch (Al mole frac-
tion x = 0.25, 0.35, 0.45). The surface roughness R . in-
creased from 0.45 tol.7 nm, as the lattice mismatch increased
from 0.60% to 1.08%. The sample E with a high lattice mis-
match has a much rougher surface. This might be due to the
lattice mismatch increase in the AIGaN/GaN heterostructure
with high Al composition, which causes the three-dimensional

35 40 45 50 55 60 65 70 15
Well Width (nm)

Fig. 4. Relationship between surface roughness and well width. Sam-
ples A, B and C have the same Alg 25Gag.75N barrier width (10.6
nm).

growth of AlGaN on GaN. Figure 4 shows the relationship be-
tween the surface roughness and the well width. Samples A,
B, and C have the same Al »5Gag.75N barrier width. The sur-
face roughness increased with increasing well width. As the
AlGaN/GaN heterostructure grows, the elastic strain energy
increases and is accommodated by the lattice. Since the sam-
ple with the thicker well width has a higher elastic strain en-
ergy, the more dislocation may produce for releasing the en-
ergy, and make the surface rougher. All of the above indicate
that the stress which comes from lattice mismatch in the Al-
GaN/GaN heterostructure is the main cause of interface and
surface roughness.

Figure 5 shows an AFM image of sample A. Here for clar-
ity we present the 3 x 3 um? area figure. A step-like flat surface
has also been observed. The lateral step sizes are of the order of
100 nm in most samples except the high Al composition one.
This dimension appears to be significant, since samples with a
smaller step size also have rougher surfaces and samples with
larger than 100 nm have smoother surfaces.

4. Conclusions

We have investigated the surface and interface proper-
ties of six-period Al,Ga;_N/GaN SL grown by MOCVD on
(0001) sapphire substrates. High-resolution XRD is used to
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Fig. 5. AFM image of sample A, which shows remarkable step flow
growth. The gray scale is 1.7 nm and the lateral dimensions are in
pm. The RMS roughness values obtained from the GIXR and AFM
techniques are 0.50 and 0.45 nm.

evaluate strains, layer thickness and composition in these struc-
tures. Application of the surface and interface sensitive GIXR
technique has provided insight into the smoothness of these in-
terfaces. The structure with a low Al mole fraction (x = 0.25)
and thin well width has a rather smooth surface and interfaces
while with high Al mole fraction (x = 0.45) has much rougher
surface and interfaces. The surface roughness by GIXR was
confirmed by AFM results. AFM images also showed the pres-
ence of atomic steps with large lateral dimensions, and the lat-
eral step sizes larger than 100 nm exhibit smoother surfaces.
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