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In-situ wafer bowing measurements of GaN grown on Si (111)
substrate by reflectivity mapping in metal organic chemical
vapor deposition system”
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In this work, the wafer bowing during growth can be in-situ measured by a reflectivity mapping method in the 3 x2”
Thomas Swan close coupled showerhead metal organic chemical vapor deposition (MOCVD) system. The reflectivity map-
ping method is usually used to measure the film thickness and growth rate. The wafer bowing caused by stresses (tensile and
compressive) during the epitaxial growth leads to a temperature variation at different positions on the wafer, and the lower
growth temperature leads to a faster growth rate and vice versa. Therefore, the wafer bowing can be measured by analyzing
the discrepancy of growth rates at different positions on the wafer. Furthermore, the wafer bowings were confirmed by the
ex-situ wafer bowing measurement. High-resistivity and low-resistivity Si substrates were used for epitaxial growth. In
comparison with low-resistivity Si substrate, GaN grown on high-resistivity substrate shows a larger wafer bowing caused
by the highly compressive stress introduced by compositionally graded AlGaN buffer layer. This transition of wafer bowing
can be clearly in-situ measured by using the reflectivity mapping method.
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1. Introduction

The growth of GaN on silicon substrates has been exten-
sively studied for the applications in optoelectronic devices
and high-power electronic devices because of good proper-
ties of silicon, such as low cost, high quality, low hardness,
good thermal conductivity, good electrical conduction, and
large scale. Moreover, there is a potential of integrating con-
ventional Si-based structures with group III-nitride films on a
single wafer. However, the large thermal expansion coefficient
(TEC) mismatch (56%) between GaN and Si (111) substrate
results in great tensile stress and cracks in epilayers when the
thickness is larger than 1.0 pm. Thus, in the case of GaN-
based compounds grown on Si, the stress is known to severely
affect the device quality because of wafer bending, disloca-
tion formation, or even cracks.!!l In order to counterbalance
the tensile stress, many solutions have been researched such
as low-temperature AIN (LT-AIN) interlayer,>* GaN/AIN
superlattices structure,’~7! single AlGaN interlayer,®°) step-
graded AlGaN buffer layer,['%'*l composition-graded AlGaN
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buffer layer,1>-11 etc.

For all these techniques, it has been noticed that the
growth parameters of the buffer layer or interlayer affect the
quality of GaN greatly, which indicates that the precise opti-
mization of the growth parameters and the detailed study of the

U7 Therefore, in-

stress relaxation mechanisms are essential.
situ techniques play important roles during the growth process,
which observes the stress evolution affected by the growth pa-
rameters. Among these in-situ techniques, most attention has
been drawn to the LayTec’sEpiCurve sensor, which measures
the wafer curvature caused by stresses during the deposition of
thin solid films. This technique is based on the measurement
of the substrate curvature (usually in the center of the wafer)
induced by the mismatch, because any mismatch strain (lat-
tice, thermal, growth-induced mismatch, etc.) between film
and substrate bends the whole system. Thus, this in-situ cur-
vature measurement has already been widely applied to follow
the stress evolution during metal organic chemical vapor depo-
sition (MOCVD).[20-27]
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However, the LayTec’sEpiCurve Sensor is too expensive.
Thus, due to the lack of this measurement, we use a reflectivity
mapping method to in-situ measure the wafer bowing during
growth, which is usually applied to monitor the film thickness
and growth rate. The wafer bowing caused by stresses (ten-
sile and compressive) during the epitaxial growth leads to a
temperature variation at different positions on the wafer, and
the lower growth temperature leads to a faster growth rate and

a.128-391 Therefore, the wafer bowing can be mea-

vice vers
sured by analyzing the discrepancy of growth rates at differ-
ent positions on the wafer. In this paper, 0.9-um and 3-um
GaN were grown on Si (111) substrates using an AIN seed-
ing layer and the compositionally graded AlGaN buffer layer.
The wafer bowing was in-situ measured by reflectivity map-
ping in the MOCVD system. The wafers showed concave
bowing and convex bowing for 0.9-um and 3-pm GaN grown
on Si, respectively. These results were demonstrated by the
ex-situ wafer bowing measurement. In comparison with high-
resistivity Si substrate, GaN grown on low-resistivity substrate
shows a smaller wafer bowing. It also can be in-situ measured
by using this reflectivity mapping method. The similar result
was reported by Dadgar et al.,[*!l in which the in-situ curva-
ture measurement was used.

2. Experiment

The growth of epilayers was performed in the 3 x 2
Thomas Swan close coupled shower head MOCVD system.
Trimethylgallium (TMGa), trimethylaluminum (TMALI), and
ammonia (NH3) were employed as the reactant source ma-
terials for Ga, Al, and N, respectively. As substrates for
epitaxial growth we used 430-pum-thick high-resistivity (R >
1000 Q-cm) Si (111) substrates for samples A and B, and 430-
pum-thick low-resistivity (R < 0.02 Q-cm, Sb-doped n-type) Si
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. track y light
wafer
(b)

(111) substrate for sample C. As the epitaxial structures for
these samples, shown in Fig. 1, an AIN seeding layer and a
compositionally graded AlGaN buffer layer were deposited,
followed by 0.9-pm GaN for sample A and 3-pum GaN for
samples B and C. These three samples were all crack-free.

GaN (3 pm) GaN (3 pm)

GaN (0.9 pm)

AIN (100 nm)

AIN (100 nm) AIN (100 nm)

high-resistivity Si
(430 pm)
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Fig. 1. (color online) Structures for (a) sample A, (b) sample B, and (c)
sample C.

high-resistivity Si
(430 pm)

In the 3 x 2” Thomas Swan close coupled shower head
MOCYVD system, the reflectivity measuring module combined
with laser and detector is fastened to the shower head, with the
wavelength of 635 nm. As shown in Fig. 2(a), with the rota-
tion of the susceptor, the reflectivity of different points along
a curve line can be detected, from the edge of the wafer to the
center and to the edge again, rather than in the center only.
Figure 2(b) shows that the reflected light is reflected back par-
allel to the incident light, no matter whether around the center
or near the edge, when the wafer is flat. However, when the
wafer bow is too concave or convex, the reflected light will be
scattered to other directions, especially near the edge, which
decreases the reflectivity intensity, as shown in Figs. 2(c) and
2(d).

BNV

\l_//_\

(c) (d)

Fig. 2. (a) The schematic diagram of the track of laser spot, which is a curve, with the rotation of the susceptor. (b)-(d) Directions of

incident light and reflected light related with the wafer bow.

3. Results and discussion

In Fig. 3, the relation of reflectivity (Fig. 3(a)), reflectiv-
ity mapping (Fig. 3(b)), and schematic diagrams (Fig. 3(c))
of wafer bows and interference fringes changing are clearly

shown. With the rotation of the susceptor, the reflectivity

of different positions under the track of the laser spot is de-
tected, forming each interference fringe in the reflectivity map-
ping. Thus, the reflectivity mapping is the reflectivity collec-
tion of different points of the wafer along the curve laser spot

track. The vertical axis represents different positions of the
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line crossing the wafer, and the horizontal axis represents the
normalized time during the growth. The colors indicate dif-
ferent reflectivity intensity. In other words, the interference
fringes in reflectivity mapping represent the reflectivity of the
wafer at different positions and different time. The reflectiv-

ity, which is usually used to calculate the film thickness and
growth rate (GR), is equivalent to the dash line at the center
position in the reflectivity mapping. On the bottom of Fig. 3,
schematic diagrams about the wafer bow are shown, with the
change of the interference fringes of the reflectivity mapping.
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Fig. 3. (color online) Reflectivity (a), reflectivity mapping (b), and schematic diagrams (c) of the wafer bow and interference fringes changing
of sample B. The reflectivity, which is usually used to calculate the film thickness and growth rate, is equivalent to the dash line at the center

position in the reflectivity mapping.

It is shown that before stage II of GaN growth, the inter-
ference fringes of reflectivity mapping are almost intact. The
maximum reflectivity intensity near the wafer edge reaches
earlier (A¢) than that near the center, meaning phase advance.
It is seen that the interference fringes are concave to the
left. This means that the growth rate near the edge is faster
than that around the center. Since lower wafer temperature
leads to faster growth rate at high growth temperature of GaN
growth, 8301 this difference of growth rate between the edge
and the center is due to the slightly concave wafer bow, which
is reflected by sample A, as shown in Fig. 4(a). However, dur-
ing stage II of GaN growth, the wafer bow changes to con-
vex gradually, due to the accumulated compressive stress. As
a result, the large convex wafer bow scatters the laser light

and leads to the decrease of reflectivity intensity, especially
near the wafer edge. Therefore, the interference fringes of
the reflectivity mapping are incomplete, namely a deficiency
of the interference fringes. The growth rate of GaN at stage
IT (1.84 um/h) is faster than that at stage I (1.73 pm/h), due
to the lower temperature at the center caused by the convex
wafer bow during stage II. In addition, the interference fringes
are concave to the right, because the growth rate around the
center is faster than that near the edge when the wafer bow is
convex. After growth, the wafer bow is as large as 188 pum
convex, which was measured by the wafer bow mapping mea-
surement, as shown in Fig. 4(b). This result is in good agree-
ment with the work of Dadgar et al.,[*!! in which the in-situ

curvature measurement was used.
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Fig. 4. (color online) Wafer bowing images measured by ex-situ method, (a) sample A (bowing: 39.21 pm, concave), (b) sample B
(bowing: 189 um, convex), and (c) sample C (bowing: 8.88 um, convex).

As shown in Fig. 5 for sample C on low-resistivity Si sub-
strate, in the reflectivity mapping, the interference fringes be-
come a little concave to the right at the end of the GaN growth,
and the deficiency of the interference fringes is not severe,
which indicates a transition to a slightly convex wafer bowing.
After the growth process, the wafer bowing is only 8.88-pm
convex (see Fig. 4(c)), corresponding to the observation in the
reflectivity mapping. Hence, without the reflectivity mapping,
it is difficult to measure the wafer bowing during the growth
only with the reflectivity at the center position of the wafer.
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Fig. 5. (color online) Images of the center position reflectivity (a) and
reflectivity mapping (b) for sample C.

4. Conclusions

In this work, we use the reflectivity mapping method to
in-situ measure the wafer bowing during growth, which is usu-
ally applied to monitor the film thickness and growth rate. The
wafer bowing caused by stresses (tensile and compressive)
during the epitaxial growth leads to a temperature variation at
different positions on the wafer, and the lower growth temper-
ature leads to a faster growth rate and vice versa. Therefore,
the wafer bowing can be measured by analyzing the discrep-
ancy of growth rates at different positions on the wafer. That is
to say, in the reflectivity mapping, the change of interference
fringes demonstrates the transition of wafer bowing. The re-

sults are confirmed by the ex-situ wafer bowing measurement.
In comparison with high-resistivity Si substrate, GaN grown
on low-resistivity substrate shows a smaller wafer bowing. It
also can be in-situ measured by using this reflectivity map-
ping method. Although it is qualitative, the reflectivity map-
ping method can yet be regarded as a good method to mea-
sure the wafer bowing in-situ, due to the lack of an expensive
LayTec’sEpiCurve Sensor. Thus, with the help of the reflec-
tivity mapping method, we may optimize growth parameters
and insert interlayers to eliminate the plastic deformation of
high-resistivity Si substrate, which will be researched in our
later work.
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