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Stability and vibrational properties of the hydrogen atom for p-type AIN doped

with group-II: a first-principles study*
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Abstract: The stability and local vibrational mode (LVM) of hydrogen related p-type AIN have been studied by first-
principles calculations based on density functional theory. The stable and metastable microscopic geometries of group-11
(Be, Mg, Ca, Sr, Ba)-H complexes have been investigated. The calculated results indicate that BC)| is the most stable
configuration for isolated interstitial HT and Be-H complexes, while it is ABy,; for Mg-H, Ca—H, Sr—H and Ba-H
complexes. Moreover, the vibrational frequencies and the values of k and |«/| for the H atom with LVM are calculated.
Here, the values of k and || are used to describe the parameters of the harmonic and anharmonic contributions, re-
spectively. The calculated results indicate that the larger the size of the doped ion is, the shorter the N-H bond length
is, and the larger the potential energy, the vibrational frequencies, the values of k and |«| are. This implies that the size
of the doped ion has an important influence on the vibrational properties of H.
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1. Introduction

Recently, the group-III nitrides and their alloys have drawn
enormous attention as an essential and versatile class of semi-
conductor materials. Aluminum nitride (AIN) is an important
semiconductor with a wide band gap (6.2 eV). It has attracted
intense interest due to its novel properties and important appli-
cations. For example, it is a promising material in solid state
lighting (light emitting diodes and laser diodes) from the vis-
ible to the deep-ultraviolet region of the spectrum! 6], and it
is also being attractively explored for applications in chemi-
cal sensorsl’™! and quantum cryptography[!®! in the future.
Due to its high ultrasonic velocity and fairly large electrome-
chanical coupling coefficient, AIN is expected to become a
thin-film piezoelectric material('']. The low value of electron
affinity (0.25 eV) of AIN is also interesting for applications of
field emission devices at high power and temperaturel!2-13] Tt
is also potentially beneficial for electronic packaging applica-
tions due to its hardness, low coefficient of thermal expansion,
and high thermal conductivity.

It is well known that hydrogen is abundantly present dur-
ing the growth of AIN when NHj3 is used as a source gas in the
usual preparation techniques, including metal-organic chemi-
cal vapor deposition (MOCVD), hydride vapor-phase epitaxy
(HVPE) and molecular beam epitaxy (MBE). Hydrogen act-
ing as a donor can passivate the dopants in p-type AIN, which
results in deactivation of the acceptors!!*-13]. Theoretical cal-
culations indicate that the passivation is induced by the for-
mation of electrical inactivation of dopant—H complexes['6].
Therefore, the detailed information about hydrogen (including

PACC: 7280E; 6320

the geometry and location of H) holds the key to optimizing
the growth process and enhancing the acceptor concentrations.
In experiment, infrared (IR) and Raman spectroscopy enable
us to obtain the local vibrational modes (LVM) of hydrogen-
related configurations. However, information on the interac-
tion between hydrogen and shallow dopants in AIN can hardly
be probed in experiment. Therefore, the theoretical calculation
is crucial and helpful to explain the experimental facts. Al-
though it has been reported that hydrogen prefers to incorpo-
rate with nitrogen in the group-III nitrides!?), the most favor-
able H site has not been identified when hydrogen is introduced
into p-type AIN. Recently, AIN doped with group-II (such as
Be-doped AINI8 Mg:O codoped AINI'I, Ca-doped AINE20])
was found to significantly improve the properties of p-type
AIN. However, the various stable and metastable hydrogen-
related configurations in p-type AIN doped with group-II (Be,
Mg, Ca, Sr, Ba) have not been systemically investigated. In
particular, the ion size effect of the hydrogen-related config-
urations has not been considered up to now. In this paper,
the stable and metastable geometries of various hydrogen-
related complexes (i.e., isolated HY, Be-H, Mg-H, Ca-H,
Sr—H, Ba—H) are studied based on total energy calculation. The
frequencies of the H atom with anharmonic terms are calcu-
lated. Finally, the size effect on the stabilization and vibrational
frequency is discussed.

2. Method

The geometry and vibrational frequencies of hydrogen
related p-type AIN were studied by first-principles calcula-
tions. We employed the plane wave density functional theory
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Fig. 1. Schematic illustration of possible hydrogen sites in the (1120)
plane of wurtzite AIN. (a) Sites in bulk AIN. (b) Sites near the sub-
stitutional acceptors (Be, Mg, Ca, Sr, Ba). The large hollow circles,
medium hollow circles, gray circles and small solid circles stand for
Al atoms, N atoms, acceptors (Be, Mg, Ca, Sr or Ba) and possible sites
for H, respectively. (c) OA | site.

(DET)2! in the local density approximation (LDA) with the
Vanderbilt ultrasoft pseudopotentials!??] of exchange correla-
tion, as implemented in the Vienna ab-initio simulation pack-
age (VASP)[23-24] The cutoff energy for the plane wave ex-
pansion of the electron wavefunction was set at 400 eV. A I"-
centered 3 x 3 x 3 k mesh was adopted to sample the irre-
ducible Brillouin zone for a 3 x 3 x 2 supercell constructed
from the structurally optimized AIN unit cell. Convergence
tests indicated that these parameters ensured that the total en-
ergy was better than 1 meV. All atoms in each doped supercell
were fully relaxed using the conjugate-gradient algorithm!2°]
until the maximum force on a single atom was less than 0.03
eV/A.

All the calculations were performed for AIN with wurtzite
structure. The lattice constants were chosen as follows: a =
3.08 A and ¢ =4.94 A, which are consistent with experimental
values a®*P=3.11 A, ¢ =498 A. We then constructed the 3 x
3 x 2 supercell geometry (Al3gN3e) containing 72 atoms with
one Al atom replaced by a group-II (Be, Mg, Ca, Sr, Ba) atom,
corresponding to a doped concentration of 2.78%. For the in-
terstitial H, due to its light mass and strong N—H bond with pos-
itive charge statel'#, the vibration mode of the N—H bond was
considered. To investigate the vibrational stretching mode, can-
didate configurations for the dopant—H complexes have been
established. A schematic illustration of these configurations
is shown in Fig. 1. The ABy (antibonding nitrogen) and BC
(bond center) configurations have been previously studied for
wurtzite structures[26]. There exist two types of configurations
for ABy and BC: one type is associated with bonds oriented
parallel to the ¢ axis with threefold symmetry, and typical sites
are labeled as BC) and ABy||; the other type is associated with
the bonds that are not parallel to the ¢ axis. Although these are
not exactly “perpendicular” to the ¢ axis, the notations BC |
and ABy | are still used?’]. In addition, considering the pos-
sibility of H near to acceptors, Limpijumnong et al. proposed
possible OA|, OA | and ABY | configurations(?8].

The oscillation potential of H, V(x), can be described as
follows:

Vix)= gxz +ax® + px?, €))

where the coefficient of the quadratic term gives the harmonic
frequency w® = /k/u, where the reduced mass u is defined
as: ﬁ = mLH + mLN, where my and my are the masses of the
hydrogen and nitrogen atoms, respectively.

Higher order coefficients o and B describe anharmonic
contributions. Moreover, the one-dimensional single-particle
Schrodinger equation is described by

hz
-5+ v | v = By @
U

Based on the perturbation theory[?®-2%] an approximate analyt-
ical solution for the equation above can be obtained as follows:

k _h[5,0\2 B
w:w°+Aw:\/;—3;|:§<E)—E], 3

where o is the total frequency, @ is the harmonic frequency,
and Aw is the anharmonic contribution. The oscillation ener-
gies of H for given configurations can be calculated. In the cal-
culation, H oscillates from its equilibrium site along the N-H
or dopant—H bond directions. The oscillation frequencies can
be obtained by fitting the potential energy curve [V (x)—x].

3. Results and discussion

3.1. Energetics and structure of hydrogen-related configu-
rations in p-type wurtzite AIN doped with Be, Mg, Ca,
Sr, Ba atoms

The calculated total energy differences A E between vari-
ous configurations of isolated H*, Be(Mg, Ca, Sr, Ba)-H for
AIN doped with group-II are listed in Table 1. For each case,
the lowest energy configuration is chosen as a reference en-
ergy (0.00 eV). From the table, it is found that H with its stable
charge state +1[26] prefers to stay at BC (BCj and BC ) sites,
while energies at ABy are slightly higher. In the process of re-
laxation, AI-N bonds are broken and a large amount of energy
enables formation of the N—H bond, which is similar to the re-
sults for wurtzite GaN[28: 3% Total energy calculations indicate
that H favors the bond-center sites for AIN doped with Be, and
BC is the stable state while OA is the metastable state with
AE =0.02 eV. This is attributed to the smaller size of beryl-
lium than Al. Since the bond length of Be—N is smaller than that
of AI-N, the N neighbors of Be are relaxed inwards. There-
fore, H will readily turn to the most favorable state of BC.
However, it is observed that the ABy, | site is the most stable
configuration for Mg-H, Ca—H, Sr-H and Ba—-H complexes.
Energies of the metastable configurations for Mg—H, Ca—H,
Sr—H and Ba—H are 0.18, 0.62, 0.83, and 1.04 eV, respectively.
In these cases, the sizes of the acceptor Mg, Ca, Sr and Ba
atoms are larger than that of the Al atom, and therefore the
dopant—N bond lengths are longer than the AlI-N bond length.
As a result, the N atoms surrounding the acceptor are pushed
outwards, away from the dopant (Mg, Ca, Sr, Ba). In this case,
H prefers to stay at the ABy, | site instead of BC positions.
Moreover, the BC configurations are not even a metastable ge-
ometry. Figure 2 shows the total energies for all relevant struc-
tures in AIN doped with group-II. From the figure and Table
1, it is found that the total energies increase as the size of the
doped ions increases. Moreover, it is noticed that when the size
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Table 1. Calculated total energy differences AE (eV) between different candidate configurations of H in AIN doped with group-II. Values
for isolated HT are included. We set the lowest energy configuration as a reference (set at 0.00 eV) in each case. The stable and metastable
configurations are shown in boldface.

Configuration HT Be-H Mg-H Ca—H Sr-H Ba-H
BCy 0.00 0.00 0.23 1.12 1.85 2.54
BC 0.00 0.06 0.34 0.83 0.96 1.06
0A 0.02 0.20 0.76 1.21 1.64
OA 0.06 0.18 0.69 0.90 1.04
ABy,| 0.17 1.03 0.35 0.62 0.83 1.25
ABy, | 0.03 0.67 0.00 0.00 0.00 0.00
AB;\] I 1.22 0.69 1.08 1.16 1.20
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Fig. 2. Total energy of each configuration of H in p-type wurtzite AIN
doped with group-1I (Be, Mg, Ca, Sr, Ba).

of the acceptor grows, the energy difference between the stable
and metastable configurations becomes sharply larger.

3.2. Vibrational frequencies for stretching modes

Calculated results of the vibration of N-H bond-stretching
modes for all configurations of HT and AIN doped with
group-II are listed in Table 2. The relaxed lengths of N-H
bond dn—y, the fitting parameters k/2, a, B for the fourth or-
der polynomial potential, and frequencies including harmonic
and anharmonic are obtained. From Table 2, it is found that H
prefers to bond with the N atom inward of a sphere with a ra-
dius of approximately 1 A, which is consistent with the results
of hydrogen-related GaN[3%],

In the previous test calculations, the symmetric stretch-
mode frequency of NH3 has been found to be 3280 cm1[28]
and 3194 cm 'Y This is 57 and 143 cm™!' smaller than
the experimental value of 3337 cm 1132, respectively. We get
an average frequency (including anharmonic terms) of 3180
em™! for N-H, which is consistent with 3194 cm![3!], The
calculated frequencies for the stable configurations of HY,
Be—-H, Mg-H, Ca—H, Sr—H, Ba—H in AIN are listed in Table 3.
In comparison with the results above, those for the stable con-
figurations of HT, Be-H, Mg—H in GaN, and the estimated fre-
quencies on the basis of the N-H bond length with w° = 3860
—16164 (dn—u — 1.000), w = 3768 — 20790 (dn—n — 1.000), are
also listed in Table 3. From the table, it is found that the rel-
ative stable positions and the vibrational frequencies of the H
atom for HY, Be-H, Mg—H are quite similar to those in GaN.

Fig. 3. Calculated potential energy as a function of N-H amplitude
(x) for ABy, configurations. The symbols represent the calculated
points while the lines are traced to fit the fourth order polynomial
based on Eq. (1). The potential energies are set to be zero at the equi-
librium position for each structure.

Moreover, the calculated frequencies are consistent with the
theoretically estimated values based on the correlated equation
between vibrational frequencies and N-H bond length.

The calculated results above indicate that the vibrational
frequencies of H at BC| are higher than those at any other po-
sitions. Its most limited space and exactly parallel orientation
to the ¢ axis strengthen the N-H bonds and increase the vibra-
tional frequencies. Moreover, it is found that the vibrational
frequencies for the BC| configuration increase with increasing
size of the doped ion. The highest vibrational frequency is 4476
cm™! for Ba—H and the lowest value is 3340 cm ™! for Be-H.
We then focus on the ABy, | site, which is the most stable con-
figuration for Mg-H, Ca—H, Sr—H and Ba—H. Figure 3 shows
the calculated potential energy as a function of N-H amplitude
(x) for ABy, configurations of Mg-H, Ca-H, Sr—H, Ba-H.
From the figure, it is found that the potential energy for the
Ba—H complex is the largest, while that for the Mg—H complex
is the smallest. The calculated N-H bond length (dn—y) and
vibrational frequencies with harmonic frequencies and anhar-
monic contributions are shown in Fig. 4, respectively. From the
figure, it is found that the vibrational frequencies increase with
decreasing N-H bond length (dn—n).

The parameter k determines the values of the harmonic fre-
quencies based on w® = /k/u, while o describes the anhar-

062001-3



J. Semicond. 2010, 31(6) Zhang Jianmin et al.

Table 2. Calculated relative formation energies, N-H bond distance (dn—p ), and vibrational properties with N-H bond-stretching modes for H
and Be(Mg, Ca, Sr, Ba)-H. k/2, , and § are the second, third, and fourth order coefficients in the polynomial of Eq. (1), in eV/A”", where n is
the order of the coefficient. w is the total vibrational frequency: @ = w? + Aw, where w® and Aw are the harmonic and anharmonic components

of the frequency. All frequencies are in cm ™.

Type Configuration AE (eV) dn—p(A) k2 o B w? Aw 1)

HT BCy 0.00 1.024 22.27 —46.74  51.28 3587 —143 3444
HT BC 0.00 1.028 21.04 —4556  51.26 3486 —153 3333
H* ABN, | 0.03 1.056 15.70 —40.11  45.60 3011 —235 2777
HT ABy 0.17 1.046 17.40 —42.01 5024 3180 —196 2984
Be-H BC 0.00 1.029 21.11 —45.67 5196 3492 —151 3340
Be-H OA 0.02 1.029 20.93 —45.09  51.53 3477 —149 3328
Be-H BC 0.06 1.025 21.67 —47.05 54.09 3537 —152 3386
Be-H OA 0.06 1.030 20.31 —45.58 5023 3425 —170 3255
Be-H ABy, | 0.67 1.054 14.66 —41.11  96.59 2910 —145 2765
Be-H ABy,| 1.03 1.042 19.16 —41.37  49.58 3327 —144 3182
Be-H AB;\L|I 1.22 1.072 13.55 —36.33 41.93 2797 —263 2534
Mg-H ABN\, 1 0.00 1.051 16.80 —41.28 4590 3115 —215 2900
Mg-H OA 0.18 1.052 15.81 —41.59  44.14 3022 —261 2760
Mg-H OA 0.20 1.032 20.04 —45.54  46.70 3402 —184 3218
Mg-H BC 0.23 1.017 23.73 —47.81  55.04 3702 —123 3579
Mg-H BC} 0.34 1.038 17.92 —44.61 4633 3217 —230 2986
Mg-H ABy, 0.35 1.039 19.11 —41.85  48.15 3322 —155 3167
Mg-H AB;\I’|| 0.69 1.054 16.45 —39.30  44.85 3082 —197 2886
Ca-H ABy, | 0.00 1.043 17.96 —42.74 4728 3221 —198 3022
Ca-H ABy| 0.62 1.032 20.33 —44.06  53.24 3427 —145 3282
Ca-H OA 0.69 1.047 16.46 —4298 4753 3083 —251 2832
Ca-H OA 0.76 1.038 18.32 —4486  49.90 3253 —213 3040
Ca-H BC 0.83 1.034 18.02 —46.20  50.29 3226 —242 2984
Ca-H ABQ\L|| 1.08 1.049 18.22 —39.31  47.02 3244 —145 3099
Ca-H BCy 1.12 1.000 20.99 —45.70 53.37 3482 —151 3331
Sr-H ABN, 1 0.00 1.037 18.99 —43.76  46.89 3312 —186 3126
Sr-H ABy,| 0.83 1.021 22.31 —46.47  56.89 3589 —128 3461
Sr-H OA 0.90 1.040 17.56 —44.85 4898 3185 —239 2945
Sr-H BC 0.96 1.031 18.60 —46.52  49.82 3277 —229 3048
Sr-H AB;I’|| 1.16 1.042 19.31 —41.20  49.09 3340 —140 3199
Sr-H OA 1.21 1.039 17.88 —43.80  48.29 3213 —214 2999
Sr-H BCy 1.85 0.981 32.57 —54.42  71.36 4337 —58 4279
Ba-H ABN, | 0.00 1.031 19.75 —46.27 5141 3377 —190 3187
Ba-H OA | 1.04 1.037 18.03 —45.13 49.97 3227 —226 3002
Ba-H BC 1.06 1.033 17.92 —46.81 5199 3217 —251 2966
Ba-H ABi\],” 1.20 1.040 19.65 —41.31  48.06 3369 —137 3232
Ba-H ABy | 1.25 1.003 25.99 —51.06 6527 3874 —103 3771
Ba-H 0A 1.64 1.048 16.40 —4193 4734 3078 —236 2842
Ba-H BCj 2.54 0.973 35.54 —56.54  68.89 4531 —55 4476

Table 3. Calculated N—H bond lengths and vibrational frequencies for stable configurations of all the complexes mentioned.

, dn-n (A) ° (cm™1) 2 (em™)
Type Stable configuration
This work  Ref. [28]? This work ~ Ref. [28]*  Theory® This work  Ref. [28]*  Theory®

HT BCy 1.024 1.027 3587 3581 3472 3444 3453 3269
Be-H BCj 1.029 1.028 3492 3478 3391 3340 3299 3165
Mg-H ABy, | 1.051 1.031 3115 3333 3036 2900 3045 2707
Ca-H ABy, 1 1.043 3221 3164 3022 2874
Sr-H ABy, 1 1.037 3312 3262 3126 2999
Ba-H ABy | 1.031 3377 3359 3187 3124

a Results for H, Be—H and Mg—H in wurtzite GaN in Ref. [28].
b Obtained with the equations w® = 3860 — 16164 (dn—p), @ = 3768 — 20790 (dn—p), as found in Ref. [28].

062001-4



Zhang Jianmin et al.

J. Semicond. 2010, 31(6)
43400
1.055
— 43300
1.050 - /,///’///
o 43200
°§ 1.045 43100 ©
5 ° 5
< L040fF //////,//’ 43000 3
Co—d
1035} e 72900
—a—0o (1nclud1ng Aw) -12800
1.030F
. 2700
Mg-H Ca—H Sr—H Bar H
Complex

Fig. 4. Relaxed N-H bond length (dn—p) and vibrational frequencies
(w) for ABy, | configurations of Mg-H, Ca-H, Sr—H, Ba—H. Square
symbols indicate harmonic frequencies and triangle symbols indicate
frequencies including anharmonic contributions.

40
[ )
a
391 Ba-H @)
Ca-H
38 .
371
~ Sr-H

36 o«

351

341 Mg-H
®

33 1 1 1 1 1

1.030 1.035 1.040 1.045 1.050 1.055
Ao (A)
n

o1 Ba—H (b)

45

44 Ca-H

| |
T
430 Sr-H
| |

9t
Mg-H
L}

41 1 1 1 1 1

1.030 1.035 1.040 1.045 1.050 1.055
Ao (A)

Fig. 5. Polynomial coefficients (a) k and (b) |«| as a function of re-
laxed N-H bond length (dn—pn) for ABy | configurations of Mg—H,
Ca—H, Sr—H, Ba—H.

monic contributions. From Table 2, it is found that the values of
k and |«| for Be-H with a longer N-H bond length are smaller
than those for AI-H (i.e., HT), which is because the ion size
of Be is smaller than that of Al. A similar size effect exists
in Mg-H, Ca-H, Sr-H, Ba—H. Figure 5 shows the values of k
and |«| as a function of relaxed N—H bond length (dn—y) for
ABy;, 1 configurations of Mg-H, Ca—H, Sr—H, Ba—H. From the

figure, it is found the values of k and || decrease with increas-
ing N—H bond length, or with decreasing size of the doped ion.
From the discussion above, it is found that the larger the size of
doped ion is, the shorter the N—H bond length is, and the larger
the potential energy, vibrational frequencies, and values of k
and |a| are. This means that the size of the doped ion has an
important influence on the vibrational properties of H.

4. Conclusions

In conclusion, we have studied the microscopic geometry
and vibrational properties for hydrogen in different p-type AIN
doped with Be, Mg, Ca, Sr and Ba. The calculated results of to-
tal energies suggest that H prefers to bind to N, forming a stable
N-H complex. Moreover, it is found that BC) is the most stable
configuration for isolated interstitial Hand Be-H complexes,
whileitis ABy, | for Mg-H, Ca—H, Sr-H and Ba—H complexes.
The vibrational frequencies for the H atom with LVM in these
complexes are also calculated. The calculated results indicate
that the larger the size of doped ion, the shorter the N-H bond
length is, and the larger the potential energy, vibrational fre-
quencies, and values of k and |«/| are. It is considered that the
size of the doped ion has an important influence on the vibra-
tional properties of H.
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