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Local vibrational modes in Mg-doped gallium nitride
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Four local vibrational modes are reported for Mg-doped wurtzite GaN, which as grown pos-
sesses high concentrations of hydrogen. The modes, studied by Raman and infrared absorption
spectroscopy appear to form two pairs. Based on the observed selection rules, one pair, with room-

temperature frequencies of 2168 and 2219 cm™

1

is assigned to inequivalent Mg-H complexes in the

c plane and parallel to the ¢ axis, respectively. The origin of the second pair of modes at 2151 and
2185 cm ™}, which are IR inactive, is speculatively linked to the presence of diatomic molecules such

as N2 or Ha.

Wide-band-gap II-VI and III-V semiconductors are re-
ceiving considerable attention due to their possible ap-
plications in ultraviolet to green-light emission devices
and high-temperature electronics. A major obstacle to
the realization of such devices is an apparent difficulty
to obtain p-type doping in these materials when using
growth techniques such as metal-organic chemical vapor
deposition (MOCVD). This limitation has recently been
overcome by the successful growth of films by molecular-
beam epitaxy (MBE). The absence of hydrogen from the
gas phase during MBE growth has led to the assump-
tion that the formation of acceptor-hydrogen complexes
is the reason for the low doping efficiency in MOCVD-
grown material.

Dopant-hydrogen complexes in semiconductors have
been studied with a variety of techniques.! The effect
of hydrogen on the electrical activity of the dopants has
been studied by temperature-dependent Hall effect mea-
surements and the spatial extent of a passivation by
capacitance-voltage measurements. A definite proof for
the existence of complexes, however, can only be obtained
by the observation of their local vibrational modes (LVM)
with infrared (IR) or Raman spectroscopies. In silicon
and gallium arsenide, where the effects of hydrogen have
been most extensively studied so far, the local vibrational
modes of hydrogen bound to a large variety of dopants
have been identified. These include H-containing com-
plexes with B, Al, Ga, P, As, and Sb in Si and with Sij,
Ge, Sn, Zn, Be, and Cd in GaAs.?3 By analyzing the
polarization dependence of vibrational modes in IR and
Raman experiments, information on the symmetry of the
complexes is obtained. Calculations determining the to-
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tal energy of different configurations that are compatible
with the observed symmetry or measurements of the vi-
brational modes under uniaxial stress can then identify
the microscopic structure of the complexes.

In ZnSe, a wide-band-gap compound, the observation
of the vibrational modes of N-H complexes in MOCVD
grown material has indeed shown that such acceptor-
hydrogen complexes are formed and appear to limit the
p-type doping efficiency.*® In p-type GaN electrical mea-
surements have shown that Mg acceptors can be passi-
vated or compensated by introduction of hydrogen from
a remote microwave plasma at hydrogenation tempera-
tures above 400°C.%7 A new photoluminescence line at
3.35 eV was observed after hydrogenation, which might
indicate that hydrogen has a donor level in this mate-
rial. On the other hand, secondary-ion mass spectrome-
try (SIMS) revealed that hydrogen can be introduced to
the same concentrations as the Mg acceptors, which could
indicate complex formation. Vibrational spectroscopy, as
discussed above, should be able to establish the presence
and structure of such hydrogen-dopant complexes. In
this paper, we report the observation of several local vi-
brational modes in Mg-doped GaN epitaxial films which
possess significant H concentrations. We assign a LVM
pair at 2168 and 2219 cm™! to the stretching vibrations
of two inequivalent Mg-H complexes. The origin of a sec-
ond, IR inactive pair at 2151 and 2185 cm ™! is discussed
and might be due to the presence of H, or N3 in the films.

Wurtzite GaN epilayers were grown on (0001) c-
plane sapphire substrates by electron cyclotron resonance
(ECR) microwave plasma assisted MBE.?®® Gallium and
magnesium were evaporated from conventional Knud-
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sen cells, and activated nitrogen was produced with an
efficiency of about 10% by passing molecular nitrogen
through the ECR source at a pressure of 10~* Torr and
a microwave power of typically 35 W in the ECR plasma.
Prior to the growth of the GaN epilayer, the substrates
were exposed to the N plasma for 30 min to convert
the surface of the sapphire substrates to AIN. A GaN
buffer layer was then grown at 500°C followed by the
high-temperature growth of the actual film at 800°C at
a growth rate of 200 to 250 nm/h. The two-temperature
growth was shown to promote lateral growth and thus
layer-by-layer growth. Depth profiles from SIMS typ-
ically show Mg concentrations of 102° cm~3. Room-
temperature Hall measurements find hole concentrations
of up to 10'® cm~2 in some samples, which corresponds to
a doping efficiency of ~10%. However, the specific sam-
ples studied here show H concentrations above 10'° cm™—3
as determined with SIMS. The exact origin of this con-
tamination is unknown at present, but appears correlated
with the microwave power used in the ECR source and
linked to the Mg doping. The ECR plasma tends to ac-
tivate spurious hydrogen concentrations in the gas phase
and thereby increases its incorporation probability in the
films. Furthermore, there is mass-spectroscopic evidence
from the outgassing Mg source that Mg tends to getter
hydrogen which is then released during the Mg evapora-
tion. The hydrogen content in the films can be minimized
by carefully outgassing of the system prior to the growth
of the GaN films, thereby increasing the doping efficiency.
MOCVD-grown Mg-doped GaN was not available for this
study.

Raman spectra were excited at room temperature by
100 mW of 488 nm laser light in a custom-built Raman
microprobe based on an Olympus metallurgical micro-
scope with a 50x objective (NA = 0.8). The spot size
was approximately 2 um. Spectra were detected by an
imaging PMT (1024x1024) with a holographic notch fil-
ter (Kaiser Optical Systems) and a 640 nm spectrograph
with a 1200 groove/mm grating. Typical collection times
were between 200 and 800 s. The spectral resolution was
4 cm™! and the precision of the line center determinations
is £1 cm~!. Polarized spectra were corrected for differ-
ences in grating efficiency by calibration with a white
light source. Since only epilayers of typically 1 pm thick-
ness grown on c-plane sapphire were available for this
study, only Raman measurements in the backscattering
configuration z(zz)z or z(zy)z could be performed, with
the z direction parallel to the ¢ axis of the wurtzite struc-
ture.

The infrared absorption measurements were conducted
at temperatures of 300 K and 8 K with a Bruker IFS 113
Fourier transform spectrometer. A mid-IR glowbar light
source, a KBr/Ge beam splitter, and an MCT detector
were used. The resolution was 2 cm~!. To avoid reduc-
tion of sensitivity due to light interference in the thin
GaN layers, the light was incident on the samples at an
angle of 60° from the surface normal. For an index of re-
fraction corresponding to a relative permittivity of ~ 9,
the infrared light propagation vector made an angle of
15° with respect to the c axis. Because of the sample ge-
ometry, only transmission measurements with the prop-
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agation of the light nearly parrallel to the c axis could be
performed.

The results of the room-temperature Raman and in-
frared absorption measurements on a variety of Mg-
doped GaN samples are summarized in Fig. 1. Four
Raman active vibrational modes were detected, which
appear to comprise two pairs. One sample shows only
the first pair at 2168 and 2219 cm™! [Fig. 1(a)]. In most
samples studied, however, a second pair at about 2151
and 2185 is observed as shown in the Raman spectra of
Fig. 1(b), the lower frequency peak being considerably
broader than the other peaks observed here. Within a
pair, the relative intensities of the peaks remain constant
at around 1 to 2 for both pairs, while the intensities of
the two pairs with respect to each other vary consid-
erably as exhibited by the two Raman spectra shown.
Both pairs show the same polarization dependence: By
changing from the z(zz)z to the z(zy)z scattering con-
figuration, the Raman intensity is reduced by a factor of
10, but the spectral shape remains unchanged. Both un-
doped and hydrogenated Si-doped (4x10%° cm™2) control
samples were investigated for similar vibrational modes
both in this frequency region and near 3000 cm~!. No
Raman signal of a local vibrational mode was found in
these samples.

In the IR absorption of all Mg-doped GaN films studied
here, however, only the first pair is observed, with the
high-frequency mode at 2219 cm™! barely detectable in
the specific transmission geometry that was used. In fact,
the IR spectrum shown in Fig. 1(c) was obtained on a
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FIG. 1. Local vibrational modes in Mg-doped GaN. The
Raman spectra (a) and (b) and the IR spectrum (c) were
obtained from different samples. The Raman measurements
were performed under ambient conditions in the z(zz)Z polar-
ization configuration. The IR measurements were performed
with the sample in vacuum at room temperature. Two pairs
of LVM are found, indicated by dashed and dotted lines. Only
the pair at 2168 and 2219 cm™! is IR active. It is assigned to
Mg-H complexes oriented either in the c plane or parallel to
the ¢ axis of the wurtzite lattice, respectively.
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sample possessing a particularly strong Raman signal at
2185 cm™!, which is a constituent of the second pair.
The typical linewidth of the 2168 cm~! mode observed
with both techniques is 15 cm™!. This inhomogeneous
broadening might be due to residual strain or the high
concentration of vibrational centers.

Manabe and co-workers have studied local vibrational
modes of Be in CdS and CdSe, which also have a wurtzite
lattice.!® While the wurtzite lattice has Cs, point group
symmetry, the defect with Be on the Cd site has Cj,
point group symmetry. The effect is a splitting of the
local vibrational mode into two peaks with local symme-
tries A; (IR dipole parallel to ¢ axis) and E; (IR dipole
perpendicular to ¢ axis). In the case of a hypothetical
Mg-H local vibrational mode, the addition of the hy-
drogen changes the symmetry slightly. If the hydrogen
atom is along the c axis bonding direction (e.g., Conf. I in
Fig. 2), the point symmetry is C3,. If, on the other hand,
the H is along a bonding direction in the plane (e.g., Conf.
II), the symmetry is C,: there is a single plane of sym-
metry containing the Ga atom in the next layer and the
Mg-H bond. This gives rise to the selection rules for in-
frared and Raman spectroscopies listed in Table I. For
the specific transmission and scattering geometries em-
ployed here, we therefore expect from group theory to
observe only vibrations of Conf. II (H in ¢ plane) with
IR, but both configurations in Raman.

Returning to the experimental results of Fig. 1, we
find that the first pair at 2168 and 2219 cm™! indeed
behaves as expected for an acceptor-hydrogen complex
in a wurtzite material. From the selection rule exhib-
ited by the IR spectrum, we therefore would assign the
2168 cm ™! mode to the A’ vibration of Mg-H complexes
oriented in the ¢ plane and the 2219 cm~! mode to the
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FIG. 2. Hypothetical structural configurations of the two
inequivalent sites of the Mg-H complex in GaN. The hydrogen
is assumed to be in a bond-center position, with the Mg atom
relaxing to the plane formed by its nearest N neighbors. In
Conf. I the Mg-H bond is in the c-axis direction, while in
Conf. II the bond is in the ¢ plane. The dashed circles indicate
substitutional lattice sites.

M. S. BRANDT et al. 49

TABLE I. Selection rules for the vibrational spectroscopy
of Mg-H complexes in wurtzite GaN.

Point
symmetry  Vibration IR Raman
Conf. 1 C3z, Ay 2 T = Yy, 22
Conf. 11 C, A’ T,y TIT,YY, TY, 22

A, vibration of Mg-H parallel to the ¢ direction which is
IR inactive for transmission experiments with the light
propagating in the ¢ direction. (The weak IR signal
at 2219 cm™! is indeed consistent with the slight off c
axis orientation of the sample during the IR measure-
ments.) This assignment to a H complex is corrobo-
rated by the SIMS results which show that the local
vibrational modes are observable only in samples with
[Mg] > 10%° cm~2 and, avaraged over the sample thick-
ness, [H] > 10'° cm~3. The participation of Mg in the
complex is further supported by the absence of the modes
discussed above in undoped or Si-doped GaN. Finally, the
observed frequencies are in a spectral region where only
stretching vibrations of hydrogen are expected. Indeed,
the local vibrational modes of group-II-acceptor hydro-
gen complexes in p type GaAs and InP observed so far all
lie between 2037 and 2287 cm ™!, very near to the modes
reported here. However, there appears to be no previous
report of vibrational modes related to Mg-H complexes
in these materials.!?

The exact microscopic configuration of the Mg-H com-
plex in GaN cannot be established from the measure-
ments reported here, although the observed selection
rules are consistent with the hydrogen situated on a Mg-
N bond axis. There are two sites available: (i) the H in
the Mg-N bond (bonding or bond-center site) or (ii) the
H opposite to this bond in the antibonding site. Total
energy calculations have determined that for both group-
IIT acceptors in Si and for group-II acceptors in GaAs the
bond center site is the energetically more favorable. This
specific configuration is shown in Fig. 2 for the complex in
both the ¢ direction (Conf. I) and the ¢ plane (Conf. II).
The introduction of the hydrogen may lead to a threefold
coordination of the acceptor atom and a relaxation to-
wards the plane formed by its three nearest N neighbors.
Support for this assumption might be obtained from the
comparison of the observed stretching frequencies around
2200 cm~! in GaN to those in corresponding molecules.
One finds the stretching modes at 3444 cm~! in NH3 and
1450 cm ™! in MgH,'? which could indeed indicate that
both N and Mg participate in the bonding of the hydro-
gen atom. However, the corresponding argument fails in
the case of B-doped Si, where the observed mode of the
B-H complex has a lower frequency than both SiH4 and
B;Hg. It should also be noted that the frequency of the
proposed Mg-H local vibrational mode in GaN does not
appear to be strongly influenced by the presence of ni-
trogen at the group-V lattice site, when compared, for
example, to LVM’s of group-II-acceptor hydrogen com-
plexes in GaAs. This might indicate that the hydrogen
atom is in the antibonding site rather than in the bond
center position. In addition, in silicon the H-Ga complex
has a local vibrational mode!? at 2171 cm™!, which co-
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incides with the strong IR-active mode shown in Fig. 1.
Therefore, another possible candidate for the complex is
a nitrogen vacancy with one or several of the adjacent
Ga atoms passivated by hydrogen. Since the LVM’s are
observed only in Mg-doped material, such a hypothetical
vacancy should correlate with a Mg atom. Total energy
calculation will be invaluable to identify the microscopic
configuration(s) of the Mg-H complex in GaN.

The assignment of the second pair at 2151 and
2185 cm™! in Mg-doped GaN films is considerably more
difficult. The failure to observe absorption in IR spec-
troscopy would indicate that the microscopic structure
does not exhibit a built-in dipole moment in the polar-
ization direction of the IR used in the transmission ex-
periments. (In fact, due to the limited signal-to-noise
ratio, we can only conclude that the IR cross section is
at least a factor of 20 smaller than that for the mode
at 2168 cm™!.) One possibility could be Mg, or Mg
precipitates, although their vibrations are expected to
occur at considerably lower frequencies. Another possi-
bility are diatomics, however, H, and N, have stretching
frequencies in the gas phase of 4395 and 2360 cm™?, re-
spectively. A definite assignment can once again only
be made based on calculations. Although it is expected
that the H, vibration in Si is considerably shifted down-
wards to about 2300 cm™!,!* preliminary calculations
of N, in GaN show that this molecule can be incorpo-
rated into the crystal without significant changes in its
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vibrational frequency.!® The suggestion that the second
pair might originate from N, molecules, again oriented
in two nonequivalent configurations parallel to the ¢ axis
and in the c plane, receives some corroboration from the
growth conditions used, which as in the case of GaAs,
employed an overpressure of the group-V constituent to
avoid surface segregation of Ga. It however remains to be
understood under this assumption why the hypothetical
N, mode is not observed in undoped or Si-doped GaN,
which are grown with the same overpressure of nitrogen.
One possibility is that the incorporation or stability of
N, in GaN might be dependent on the Fermi level posi-
tion. A continuing systematic study of growth conditions
by LVM spectroscopy is anticipated to yield new insights
and fundamental information on native defects as well as
dopant incorporation during growth of GaN.
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FIG. 2. Hypothetical structural configurations of the two
inequivalent sites of the Mg-H complex in GaN. The hydrogen
is assumed to be in a bond-center position, with the Mg atom
relaxing to the plane formed by its nearest N neighbors. In
Conf. I the Mg-H bond is in the c-axis direction, while in
Conf. II the bond is in the ¢ plane. The dashed circles indicate
substitutional lattice sites.



