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Abstract: The stresses, structural and electrical properties of n-type Si-doped GaN films grown by metalorganic
chemical vapor deposition (MOCVD) are systemically studied. It is suggested that the main stress relaxation is in-
duced by bending dislocations in low doping samples. But for higher doping samples, as the Si doping concentration

increases, the in-plane stresses in the grown films are quickly relaxed due to the rapid increase of the edge dislo-
cation densities. Hall effect measurements reveal that the carrier mobility first increases rapidly and then decreases
with increasing Si doping concentration. This phenomenon is attributed to the interaction between various scattering
process. It is suggested that the dominant scattering process is defect scattering for low doping samples and ionized

impurity scattering for high doping samples.
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1. Introduction

Research interest in GaN has been driven by the signifi-
cant technological importance of this material in recent years.
Indeed, GaN is used in the fabrication of a range of elec-
tronic and photonic devices. Due to its important role in these
applications, Si-doped GaN has been extensively studied in
these years. It is well known that GaN films are usually het-
eroepitaxially grown on sapphire substrates. However, the lat-
tice constants and thermal expansion coefficients of them are
not well matched. This mismatch leads to a large compressive
stress in the as-grown film when the temperature falls from
the growth temperature (about 1000 °C) down to room tem-
perature, resulting in a high dislocation density in the grown
film!!!. Dislocations are electrically activity, have an influence
on the device properties, and act as scattering centers for the
carriers?>~#., It was also observed that dislocations were in-
volved in the yellow luminescence transition in GaN film>~91,
Therefore, the influence of Si doping on the dislocations and
the optical properties has been of great interest. So far, ex-
tensive research has been done to investigate the properties
of n-type GaN. Kucheyev et al.!'” reported that the yellow
band emission in n-type GaN originated from point defects
such as Ga vacancies by investigating the optical properties
of a series of Si-doped samples. Lee et al.'!l reported that
the residual stresses in Si-doped GaN films were gradually re-
laxed by incorporating Si dopant in grown films. Furthermore,
the electrical properties of n-type GaN film have been inves-
tigated by many research groups!'?>~'#l. However, most of the

PACC: 7280E; 6110; 7360L

previous research only focused on one aspect of the properties
of the n-type GaN film, and systematical investigations of n-
type GaN film are rarely found. In fact, up to now, not only
are many underlying mechanisms in n-type GaN, such as the
origin of the yellow luminescence still under debate, but also
many problems, such as the connections of the stress, struc-
tural quality and electrical properties, are not well understood.
Actually, these properties are very important among the pa-
rameters characterizing n-type GaN films. Therefore, it is of
importance to know the relationships between these proper-
ties.

In this paper, the relationships between the stress, defects
and carrier mobility of n-type GaN are presented. By combin-
ing an extensive set of characterization techniques, the stress
relaxation mechanism and the carrier transport property of n-
type GaN are analyzed in detail. This may be helpful to the
growth of n-type GaN film.

2. Experiments

The six samples studied in this paper were grown on c-
plane (001) sapphire substrates by a cold-wall low-pressure
MOCYVD system. Triethylgallium (TEGa), ammonia (NHj3)
and hydrogen diluted silane (SiH4) were used as the Ga, N
and Si precursors, respectively, and highly purified hydrogen
(Hy) was used as the carrier gas. Before the growth of the GaN
buffer layer, a GaN nucleation layer with a thickness of 50 nm
was initiated grown at 500 °C, then an unintentionally doped
GaN layer with a thickness of 450 nm and a Si-doped GaN
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Fig. 1. SiH, flow rates versus carrier concentrations for the samples.

layer with a thickness of 500 nm were grown on the nucleation
layer at about ~1000 °C. The chamber pressure was held at 40
Torr during the whole growth process. The total thickness of
each sample was measured at about 1 ym by a transmission
spectrum analyzer measurement''>!, By controlling the diluted
SiH, flow rate, the carrier concentrations in the six samples
were 3.5 x 107, 5.0 x 10'7, 7.0 x 107, 1.0 x 10'%, 1.5 x
10'® and 1.9 x 10'® cm™3, respectively, labeled as sample 1 to
sample 6. Figure 1 shows the relationship between the diluted
SiH, flow rates and the carrier concentrations for the samples.
It is obvious that the carrier concentration is proportional to
the SiH4 flow rate. For characterizations of the samples, the
structural qualities of the films are determined by high reso-
Iution X-ray diffraction (HRXRD) measurements, and van der
Pauw Hall measurements are used to characterize the electri-
cal properties.

3. Results and discussion

3.1. Relationship between stress and defects

To determine the crystal qualities of the samples, X-ray
rocking curve measurements of the (002) symmetric and the
(102) skew symmetric diffraction were first performed using
a Bruker D8 discover diffractometer, shown in Figs. 2 and 3.
As seen in Fig. 3, as the Si doping concentration increases, the
full width at half maximum (FWHM) of the (102) diffractions
of the GaN samples decreases when the carrier concentration
is low, while it quickly increases in the samples where the car-
rier concentrations are higher than 7.0 X 10'7 cm™3. It was also
found that the FWHM of the (002) diffractions shows no obvi-
ous variations in the whole investigated doping range. It is well
known that the FWHM for the (002) plane and the (102) plane
indirectly represent the screw dislocation density and the edge
dislocation density of a film, respectively. Thus, the above-
mentioned results imply that the screw dislocation densities
of the as-grown GaN layers are not particularly influenced by
the Si doping concentrations in the investigated doping range.
On the other hand, it is found that there is a well-regulated
relationship between the Si doping concentration and the
edge dislocation density, i.e., the edge dislocation densities
of the layers first decrease and then increase as the Si doping
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Fig. 2. XRD rocking curves of sample 3: (a) (002) plane; (b) (102)

plane.
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Fig. 3. XRD FWHM of the samples versus carrier concentrations.

concentration increases.

In order to determine the in-plane stresses in the samples,
26-w scans of the (002) diffractions were performed using
HRXRD. Figure 4(a) shows the measured 26—w curves of the
samples. The sapphire (006) peak (which is located at 41.62
°C) is used as the reference, thus the ¢ lattice constant of the
GaN film can be exactly calculated. The in-plane stresses of
the samples can be roughly estimated by the following equa-
tion:

Oxx = &,B/v,

where B is the bulk modulus (200 GPa)!'%l, v is the Poisson
ratio (0.23)1'71 and &,, is the relative strain of the ¢ axis in a
GaN film. The &,, in the above equation can be calculated by
the following equation:

&, = (¢ = co)/co,

where ¢ represents the ¢ lattice constant measured by XRD and
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Fig. 4. (a) 26—w curves of the samples measured by HRXRD; (b) Dependence of the ¢ lattice constant and the in-plane stress on the carrier
concentration.
5000 _569.8
E, (a) T [ ] (b)
§ seo6f ™~
4000 | = '\
~ 5
g 3000 g o -\
L =
k=3 5 5692}
% 2000 § 569.0
k= g | Partl Part II
568.8
1000 A(LO) 5
N L AL 568.6 .
0 1 y 1 1 1 1
400 600 800 1000 5 10 15 20

Wavenumber (cni’')

Carrier concentration (10"cn™)

Fig. 5. (a) Raman spectrum of sample 6; (b) Raman wave numbers for the samples.

cg is the ¢ lattice constant for strain-free bulk GaN (¢y = 5.185
10\)“8]. Figure 4(b) shows the c lattice constant and the in-plane
stress as functions of the carrier concentration in the samples.
From Fig. 4(b), it is easily found that the in-plane stresses in
the GaN films are relaxed with increasing the doping concen-
tration. Studying Fig. 4(b) carefully, it is found that the curves
can be divided into two parts: part I and part II. As the doping
concentration increases, it is obvious that the biaxial stresses in
the films decrease slowly in part I while they decrease quickly
in part II, i.e., the in-plane stresses in the films are gradually re-
laxed in part I while the stresses are quickly relaxed in part II.
This result implies that though the incorporation of Si dopant
in a film can lead to relaxation of the in-plane stress, the stress
relaxation in the grown film is correlated with the Si doping
concentration. The relaxation of the stress is gradual and un-
obvious when the doping concentration is low. However, in the
sample where the carrier concentration exceeds the concentra-
tion of 7.0 x 10'7 cm™3, the in-plane stress is quickly relaxed
and can be obviously observed in the curves.

To further confirm this phenomenon, micro-Raman mea-
surements are used to determine the in-plane stresses in the
grown films. Figure 5(a) shows the measured result of sample
6. The measurement was taken under a backscattering con-
figuration with the incident ray parallel to the c-axis of the
measured film. Two peaks are observed in Fig. 5(a). It is clar-
ified that only two allowed modes can be observed under the
above-mentioned configuration according to the Raman selec-
tion rules!!”). Thereby, the strong peak centered at about 568
cm™!' and the weak peak centered at about 742 cm™' corre-
spond to the E; mode and the A;(LO) mode, respectively. The

peak corresponding to the E, mode is fitted with a Lorenz line-
shape (not shown here). Therefore, the in-plane stress in the
measured film can be evaluated with the wavenumber of the
E; mode. As seen in Fig. 5(b), as the Si doping concentration
increases, the in-plane stress in the GaN film is gradually re-
laxed at first. However, the stress is then quickly relaxed when
the carrier concentration exceeds the threshold value, which is
7.0 x 10'7 cm™3 in our samples. This result is in good agree-
ment with the result measured by HRXRD shown above.
Combining the HRXRD w scan measurements, the
above-mentioned phenomenon is analyzed in detail. It is found
that many bending dislocations are formed when a little Si
dopant is incorporated into the GaN epilayer?>2!. Thus, a
fraction of the in-plane stress in the film will be relaxed due to
the lateral misfit components of the bending dislocations, i.e.,
it is suggested that in a sample with a low Si doping concen-
tration, a part of the stress will be relaxed due to the existence
of the bending dislocations. It is also confirmed that an annihi-
lation of the threading dislocations occurs due to the reaction
of the bending dislocations and the threading dislocations!?!l,
It is considered that the annihilation will in turn prevent the
relaxation of the in-plane stress. Thus, the total effect of the
complicating reactions is that the in-plane stress is gradually
relaxed in the sample with a low doping concentration. How-
ever, as seen in Fig. 3, lots of edge dislocations will be formed
by introducing more Si dopant, leading to a quick relaxation
of the stress. In fact, it is inferred from the above-mentioned
analysis that the in-plane stresses are mainly relaxed by bend-
ing dislocations in light doping samples; while the in-plane
stresses in heavy doping samples are mainly relaxed by edge
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Fig. 6. (a) (002) and (b) (102) FWHM and electron mobility as functions of the carrier concentration.

dislocations.

3.2. Relationship between the defects and the electrical
properties

To investigate the electrical properties of the GaN lay-
ers, van der Pauw Hall effect measurements are employed to
determine the carrier mobilities of the layers. Figure 6 shows
the carrier mobility and the XRD FWHM as functions of the
carrier concentration in the samples. For convenience in the
following discussion, the curve in Fig. 6 is divided into two
regions according to the carrier concentration. The region in
which the carrier concentration is lower than 7.0 x 10'7 ¢cm™
is called the light doping region while the other region is called
the heavy doping region. As seen from the curve, the carrier
mobilities of the samples in the light doping region increase
with increasing doping concentration. However, it is found that
the carrier mobilities decrease with increasing doping concen-
tration for the samples in the heavy doping region. This result
disagrees with the conclusion obtained by Wang et al.??!. It
is thought that this discrepancy is mainly due to the Si dop-
ing concentrations being too heavy in the samples investigated
by Wang ef al., and thus the phenomenon in the light doping
region cannot be observed in their samples.

In order to deeply analyze the relationship between the
defects and the carrier mobility, the connection between the
dislocations and the carrier mobility is first studied. Focusing
on the dependences of FWHM and carrier mobility on car-
rier concentration in the samples, it is easily found from the
curves that the carrier mobility is not correlated with the screw
dislocations but seems to depend strongly on the edge disloca-
tions. In the whole investigated doping range, carrier mobility
decreases with increasing edge dislocations, both in the light
doping region and in the heavy doping region. This is mainly
because the edge dislocation density in the grown epilayer is
about two orders of magnitude higher than that of the screw
dislocation density in the epilayer, and thus the carriers are
scattered much more by edge dislocations. Studying Fig. 6(b)
carefully, it is found that both the doping concentration and the
edge dislocation density of sample 4 are higher than those of
sample 2, but the carrier mobility of sample 4 is slightly higher
than that of sample 2, i.e., though the carrier mobility is well
correlated with the edge dislocation density in both regions,
this does not hold true in the whole investigated doping range.

It is suggested that this phenomenon can be attributed to the
interaction between various scattering processes.

In order to study the above-mentioned phenomenon, a
detailed analysis of the influence of various kinds of scatter-
ing processes on the carrier transport property of n-type GaN
is given in the following discussion. It is well known that the
carrier mobility of an n-type GaN film is mainly limited by
the defect scattering process (including the vacancy scatter-
ing process and the dislocation scattering process), the ionized
impurity scattering process and the lattice vibration scattering
process at room temperature. In the following discussion, the
lattice vibration scattering process is not considered because
it is only dependent on temperature. In an undoped GaN film,
the carriers are strongly scattered by the vacancies because of
the enormous vacancies existing in the film, resulting in a very
low carrier mobility of the undoped GaN film. By investigat-
ing the optical properties of n-type GaN, it is revealed that a
fraction of the vacancies will be filled by Si atoms by incorpo-
rating Si dopant in a film'®>24, resulting in a great reduction
of the vacancy scattering. It is also reported by Ng et al.!*!
that the introduction of Si dopant into a GaN film will screen
the dislocation scattering by decreasing the Debye screening
length. Therefore, in samples with low Si doping concentra-
tions, the carrier mobility increases rapidly with the increase
of the doping concentration due to the significant reduction of
the defect scattering and the weak ionized impurity scattering
caused by the low Si concentrations in the samples. Further-
more, as the doping concentration increases, the edge dislo-
cation density decreases in these samples, weakening the dis-
location scattering. In other words, the carrier mobilities of
samples are mainly limited by the defect scattering in the light
doping region. However, the ionized impurity scattering be-
comes stronger and dominates the carrier scattering process
when the doping concentration exceeds the threshold concen-
tration. In this case, as mentioned above, the edge dislocation
density quickly increases when more Si atoms are introduced
into the film, leading to a further reduction of the carrier mo-
bility. However, because of the very low defect scattering, the
carrier mobility decreases slowly when the doping concentra-
tion is slightly heavier than the threshold concentration, i.e., it
is inferred that the carrier mobility decreases slowly when the
doping concentration is not much heavier than the threshold
concentration. Thus, it is possible that the carrier mobility of
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a sample with a higher doping concentration and a higher dis-
location density is slightly higher than that of a sample with
a lower doping concentration and a lower dislocation density.
Actually, the above-mentioned analysis is in good agreement
with the experimental results. As seen from the above anal-
ysis, the carrier mobility of n-type GaN is greatly affected by
vacancy scattering, dislocation scattering and ionized impurity
scattering at room temperature. As Si doping concentration
increases, some of the scattering processes are strengthened
while some of them are weakened, implying the influence of
various scattering processes on the carrier mobility is not a
simple one.

4. Conclusion

The stresses, structural and electrical properties of Si-
doped GaN films grown by metalorganic chemical vapor de-
position (MOCVD) are systematically studied in this paper.
It is found that stress relaxation in the as-grown GaN films
is correlated with Si doping concentration. This phenomenon
is attributed to the following causes. For the sample with a
light Si doping concentration, the layer is mainly relaxed by
bending dislocations. Furthermore, as the Si doping concen-
tration increases, a reduction of the edge dislocation density
in the film occurs, slowing the stress relaxation in the film,
while in the sample with a heavy Si doping concentration, the
layer is quickly relaxed due to the rapid increase of edge dislo-
cations. The van der Pauw Hall measurements reveal that the
room temperature electron mobility in a Si-doped GaN film is
mainly restricted by the defect scattering process and the ion-
ized impurity scattering process. It is revealed that the dom-
inant scattering process in light doping samples is the defect
scattering process. In this case, the room temperature carrier
mobility increases with decreasing dislocation scattering and
vacancy scattering. As the Si doping concentration increases,
the carrier mobility decreases due to the ionized impurity scat-
tering process dominating the scattering process.
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