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Experimental evidence of different hydrogen donors in n-type InN
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The multiform donor nature of hydrogen in n-type indium nitride is experimentally observed in samples
exposed to atomic hydrogen. Photoluminescence measurements reveal a tenfold increase in the electron con-
centration and the formation of a shallow donor band upon hydrogen incorporation. Annealing studies show
that hydrogen occupies at least two equilibrium sites having almost equivalent thermal stability.
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I. INTRODUCTION

Hydrogen behavior in semiconductors has been deeply
investigated since Mollwo suggested' that H could be re-
sponsible for the resistivity increase observed upon H diffu-
sion in ZnO and it was later realized that this ubiquitous,
highly mobile, and reactive impurity passivates most deep
and shallow defects purposely or accidentally present in
many steps of semiconductor growth and device processing.

In the past few years, new surprising aspects of hydrogen
behavior in semiconductors have been experimentally found
and theoretically predicted. In dilute nitrides such as GaAsN
and GaPN, and in II-O-VI compounds such as ZnTe:O hy-
drogen passivates, respectively, N and O, elements behaving
as isoelectronic impurities in those alloys.>> Moreover, hy-
drogen should act as a donor in n-type ZnO.° contrary to the
amphoteric compensating behavior it shows in all other
semiconductors. In particular, it was suggested that hydrogen
displays a purely donor behavior whenever its pinning level
resonates with the conduction band of the host material.”8
This is the case, indeed, of H in ZnO as well as in zinc
blende InN,’ two materials whose electron affinities are the
highest among all semiconductors.

As regards InN, this compound has raised an increasing
interest since 2002, when it has been found'? that its energy
gap is as low as 0.65 eV, namely, about one-fifth of that of
its wide-gap parent compound, GaN. This small band gap
energy is of great interest for photovoltaic applications of
InN, since it would permit us to extend the absorption win-
dow of nitrides over the entire frequency region of the solar
spectrum. Furthermore, the electron mobility of InN should
be quite high, that renders this material very attractive for
realizing high frequency electronic devices.!!

However, good quality InN epitaxial layers have been ob-
tained only very recently. Therefore, several aspects concern-
ing the material’s structural and defect properties are still
debated,'” in particular, doping, an issue of primary interest
for any “new” material, and how to grow intrinsic InN.
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Moreover, whether Si impurities are donors or acceptors in
InN has also been argument of debate'? and only recently it
has been claimed'? that InN may be doped p type by Mg. As
regards H, its donor nature has been inferred by muon spin
resonance'* and glow discharge and mass spectroscopy
measurements!’ in wurtzite InN. Furthermore, a carrier con-
centration increase has been observed'® in InN irradiated
with high-energy (MeV) electrons. However, similar in-
creases in carrier concentration observed upon bombardment
with high energy (MeV) protons and *He* particles'® have
been attributed to damage-induced point defects, in particu-
lar, to nitrogen vacancies.

This scenario highlights the manifold aspects that H plays
in technologically relevant materials, such as ZnO and InN,
and calls for a deeper comprehension of the electronic effects
H creates therein.

In this paper, we report on a detailed analysis of photolu-
minescence (PL) spectra taken in state of the art wurtzite InN
epitaxial layers, as grown or hydrogenated by a remote H,
plasma or by a low-energy ion beam source. The electron
concentration, in the range of 10'7 cm™ in the as-grown
samples, increases gradually up to values of order of
10" cm™ upon incorporation of H atoms. A comparison
with the effects produced by irradiation with “He* particles
rules out that this increase is due to mere damage-induced
effects. Then, a detailed analysis of H thermal desorption
from the samples has been performed at different annealing
temperatures. It shows that hydrogen in n-type InN has two
stable equilibrium donor sites, almost equivalent in energy,
in agreement with suggestions based on first-principles cal-
culations in zinc blende InN.!” Finally, the shallow nature of
H donors in InN is confirmed by the direct estimate of their
binding energy, roughly 10 meV, which well agrees with the
muon binding energy in this same material.'*

II. EXPERIMENT

One set of 0.3 wum thick InN epilayers (D110 and D112)
was grown by radio-frequency plasma-assisted molecular
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beam epitaxy (MBE) on a Si-face 6H-SiC(0001) substrate.'3
X-ray diffraction (XRD) showed highly (0001)-oriented lay-
ers and different optical techniques'® indicated no metallic
indium inclusions. Another set of thicker (~0.9 um) InN
samples (IC205 and 10207) was also grown by MBE on
different in situ prepared epitaxial templates [i.e.,
GaN(0001)/AIN/SiC/Si or GaN(0001)/AIN/Al,O5], as re-
ported elsewhere.!” Full width at half maximum of their
rocking curves indicates good quality samples, and mobility
of order of 1300—1500 cm?/V s were measured by Hall
measurements in the Van der Pauw geometry. Some samples,
kept at 300 °C, were exposed for 3 min to an atomic hydro-
gen flux produced by a remote radio-frequency H, plasma'8
or for about 1 h to a very low-energy (10-20 eV) ion beam
for different doses of impinging H or He ions. X-ray photo-
electron spectroscopy, atomic force microscopy, and spectro-
scopic ellipsometry showed that In clusters form on the
sample surface upon the atomic H treatment. Nevertheless
XRD pattern indicated that bulk InN was not structurally
changed or In enriched by hydrogenation. Before performing
any optical characterization, on-surface indium clusters were
removed by etching the samples in HCl:H,0=1:3 for
30 min. Photoluminescence was excited by the 515 nm line
of an Ar* laser and detected by two different systems: a PbS
photodiode, cooled at —30 °C and coupled to a I m mono-
chromator, or a liquid nitrogen cooled InGaAs photodiode,
coupled to a 0.25 m monochromator. PL. measurements have
been normalized to the system response.

III. RESULTS AND DISCUSSIONS

A. Photoluminescence line shape fitting

Low-temperature (T=10 K) PL spectra of D110 InN ep-
ilayer are shown in Fig. 1(a) (solid lines) for samples sub-
jected to different postgrowth treatments. From bottom to
top: (i) as grown, a. g.; (ii) irradiated by a low-energy He ion
beam at dose dj.=3X 10" ionscm™?; (iii) exposed for
3 min to a H, plasma; and [(iv) and (v)] irradiated by a
low-energy H ion beam at dy=3%X10" and 5
X 10" ions cm™2, respectively. All PL spectra exhibit a high-
energy edge (HEE), whose slope depends on temperature—
not shown here—according to a Fermi distribution function,
a clear signature of recombination in degenerate semicon-
ductors. For increasing dy and irrespective of the H irradia-
tion technique, the PL HEE rigidly and progressively blue-
shifts, the relative intensity of the low-energy side of the PL
band increases and broadens, and the overall emission effi-
ciency decreases. In the He irradiated sample, on the con-
trary, the HEE almost does not shift and the emission effi-
ciency does not vary sizably.

A quantitative estimate of the total electron concentration
ne=ng+ny, (Where n, and ny, are the carrier concentrations
related to donor impurities and photoexcitation, respectively)
has been obtained by an analysis of the PL line shape in
terms of carrier recombination in heavily doped, degenerate
semiconductors with relaxation of the quasimomentum con-
servation rule.” The PL spectrum intensity is then given by
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FIG. 1. (Color online) (a) Low-temperature (7=10 K) normal-
ized PL spectra (solid lines) of the D110 InN sample for different
postgrowth treatments: as-grown (a.g.), hydrogenated for 3 min in a
remote H, plasma (H, plasma), and irradiated at 300 °C with dif-
ferent doses dy . of low-energy (10-20 eV) H or He ions (z=1
X 10" jons cm™2). Normalization factors and carrier concentration
related to donors n, are given in the figure. Laser excitation power
density P.,,=200 W cm™2. Simulations of the PL spectra in terms
of the semiclassical model described in the text [see Eqgs. (1) and
(2)] are given by dots. (b) Difference between the experimental data
and simulations (misfit bands) as a function of energy for the same
samples shown in panel (a). For each PL spectrum energies are
measured with respect to the estimated band gap energy.

I(hw) = f dE,p™(hw - E,)p,(E,)f(iw—E)f,(E,). (1)

f. and f, are the Fermi quasidistribution functions in the
conduction and valence bands, respectively, and p,(E,) is the
three-dimensional density of states (DOS) for the valence
band (<VE,). p™(E) is the integrated DOS for the conduc-
tion band calculated accordingly to the semiclassical model

developed by Kane,?!

” 12k
dk k*P E—(Eg,+ ) . )
0 ¢ Zm*

P(E) is a Gaussian function whose standard deviation o
=e*\n,/8me?k depends on the donor impurity concentration
n, and on the inverse Thomas-Fermi screening length «(n,).
E, is a renormalized band gap energy. The values of the
static dielectric constant (10.5¢,) (Ref. 22) and electron ef-
fective mass (0.07m;) (Ref. 23) have been taken equal to
those most commonly reported in the literature. The value of
np, was estimated by simulating spectra recorded under dif-
ferent excitation intensities where only the value of n,, was
changed. The simulations of Eq. (1) to the data are shown by
dots in Fig. 1(a). The calculated line shape is almost insen-
sitive to the choice of the heavy-hole effective mass

. 1
p(E)=—
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FIG. 2. (Color online) Carrier density related to donors ny,, as
estimated from simulations of the PL spectra for differently treated
InN samples in terms of the semiclassical model described in the
text [see Egs. (1) and (2)], as a function of implanted dose of hy-
drogen (full symbols) or helium (open symbols) ions. Dashed lines
give linear dependences as a guide to the eyes (notice the different
behavior of the H case with respect to the He case).

(0.2m,).%* The above semiclassical model reproduces very
well all PL band line shapes, but for the low-energy side of
each PL band, in terms of three parameters: E,, n,, and the
carrier temperature 7,.. The estimated n, values, which are
substantially unaffected by *10% changes in the value of
the electron effective mass and/or dielectric constant, are
shown in Fig. 2 in a semilogaritmic plot for InN samples
irradiated with H (full symbols) or with He (open symbols).
Consistently with the initial assumption of a degenerate
semiconductor, the carrier concentration in the as-grown
sample (n,=(3-9) X 107 cm™) is well above the concentra-
tion of the insulator-to-metal transition in InN, whose value
ranges'>? from 0.5X 10'7 to 2X 10'7 cm™. Independently
of the carrier concentration in the as-grown sample, n; in-
creases almost linearly (dashed lines in the figure) with the
dose of impinging ions. However, the carrier concentration
in the He irradiated sample increases at a rate about 2 orders
of magnitude slower than in the case of the H irradiated
sample. Therefore, most of the donors created by low-energy
H irradiation are not due to sample damage, contrary to the
case of the donors produced by high-energy (2 MeV) im-
plantation with H* or *He* ions reported in Ref. 16. Therein,
indeed, the increase in carrier concentration achieved by
“He* ions was approximately three times higher than that
achieved by a same dose of H" ions, as expected in the case
of radiation damage.

It has been already pointed out that the semiclassical
model reproduces very well all PL band line shapes, but for
the low-energy side of each PL band. The difference, or mis-
fit, between experimental data and line shape simulation has
been evaluated for each of the PL spectra shown in Fig. 1(a).
The resulting misfit bands are shown in Fig. 1(b) as a func-
tion of the photon energy AE, which has been measured with
respect to the band gap energy as obtained from the simula-
tion of each spectrum. These bands have roughly Gaussian
line shapes and are centered below the band gap energy. In

PHYSICAL REVIEW B 77, 125207 (2008)

the as-grown sample, the misfit band is very weak and poorly
defined, if ever present, while it increases in relative intensity
and broadens for increasing dy in the three hydrogenated
samples. Since the band integrated intensity increases with
estimated carrier density n,, this band is attributed to the
(H, &) recombination of an electron bound to a H donor with
a free hole in the valence band. By averaging over the values
obtained from the PL spectra in all hydrogenated samples,
the energy level of the H donor is estimated to be
10£5 meV below the conduction band edge. The uncer-
tainty in the donor binding energy accounts for the changes
from one spectrum to the other as well as for small changes
in the electron effective mass, or for a small (=10%) sup-
posed dependence on energy of this mass. It should be no-
ticed that a misfit band is present also in the case of the He
irradiated sample. However, the center of mass of this band
is very close (=2 meV) to the band gap energy. Therefore,
this band has an origin completely different from that in-
duced by H irradiation, as it will be confirmed by thermal
annealing experiments. It most likely originates from dis-
torted bonds (Urbach’s tail) produced by the “He* bombard-
ment.

B. Thermal annealing

Additional information on the donor nature of H in n-type
InN is gathered by analyzing the changes in the PL line
shape upon isothermal or isochronal thermal annealing. The
PL spectra of the sample D110, hydrogenated in a H, plasma
and subjected to different times of isothermal annealing at
325 °C, are shown in Fig. 3 together with their theoretical
simulations. A 24 h annealing leads to an almost complete
recovery of the line shape of the as-grown sample and to a
full recovery of its PL intensity, as shown in the inset.?® On
the one hand, the recovery of the line shape of the as-grown
sample upon this mild annealing indicates a highly mobile
nature of the H-related donors. On the other hand, the lack of
a full recovery of the as-grown sample PL line shape sug-
gests that H irradiation leads also to the formation of lowly
mobile defects with density more than 1 order of magnitude
smaller than that related to H donors. These lowly mobile
defects are possibly the same defects responsible for native
excess electrons in the as-grown sample, namely, N vacan-
cies Vy as thoroughly discussed in Ref. 18. These vacancies,
indeed, behave as donors and have the lowest formation
energies'”?” among native defects in n-type InN.

The values of the carrier concentration as estimated from
the simulations are shown in Fig. 4 vs annealing time, ¢,, for
different annealing temperatures, 7,, of the sample treated in
a H, plasma (full symbols) and of a He irradiated sample
(open symbols). The process of H debonding from a stable
site in the host lattice and H diffusion out of the crystal is
usually described?® by the equation

—E [kpT
ng=ng+n,=npe V'« ' +n,, (3)
namely, in terms of a single activation energy E, for H out-
diffusion. n is the initial H-donor concentration after sample
hydrogenation, v is the attempt frequency of H in the equi-

librium site, and n, accounts for a residual concentration of
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FIG. 3. (Color online) Low-temperature (7=10 K) PL spectra
(solid lines) of D110 InN sample submitted to different treatments:
as-grown (a.g.), hydrogenated for 3 min in a remote H, plasma (H,
plasma), and annealed at 325 °C for increasing time 7,,. Laser exci-
tation power density P,,.=20 W cm™2. The spectra have been nor-
malized at 0.67 eV for ease of comparison. Simulations of the PL
spectra in terms of the semiclassical model described in the text
[see Egs. (1) and (2)] are given by dots. Inset: PL integrated inten-
sity vs annealing time.

carriers, including those of the as-grown sample, which is
not affected by thermal annealing.?® However, this procedure
based on a single activation energy is highly unsatisfactory.
First, good fits of Eq. (3) to the isothermal annealing data
(dashed lines) cannot be obtained with a same value of E, for
all the four annealing temperatures: E, increases from
1.88 to 1.99 eV, to 2.05 eV, and finally to 2.23 eV, for tem-
perature increasing, respectively, from 250 to 280 °C, to
325 °C, and to 375 °C. Second, fits of Eq. (3) to the data at
the two intermediate temperatures of 280 and 325 °C are
quite poor. Third, the good fit achieved at 250 °C indicates
that n, saturates at 16X 10" cm™, a value almost doubled
with respect to that estimated in the as-grown sample (8.3
X 10" ¢cm™). These three points altogether clearly indicate
that a second H-related donor specie, at least, contributes to
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FIG. 4. (Color online) Carrier density related to donors n, (full
symbols) vs annealing time 7, as derived by simulating the PL data
taken in sample D110 exposed for 3 min to a H, plasma and then
annealed at T7,=250°C (triangles), 280 °C (dots), 325°C
(squares), and 375 °C (diamonds). Fits of Eq. (4) to the data in
terms of two H activation energies are shown by solid lines. Dashed
lines are fits to the data by using a single activation energy; see Eq.
(3). n; in the sample irradiated with He (dy.=1.1
% 10'7 ions cm™2) and then annealed at T,=325 °C is shown as a
function of 7, by open squares (notice the different behavior with
respect to the H case).

the carrier concentration in hydrogenated samples.

As a matter of fact, excellent fits (solid lines) have been
obtained for all the four annealing temperatures® by assum-
ing the existence of two stable sites for H in the host lattice
and introducing, therefore, two different thermal activation
energies for H outdiffusion

ot o=EulkyT,
+ngpe™ "2 T

(4)

where n(; are the H-donor initial concentrations in the two
sites, v; and E,; are the corresponding attempt frequencies
and activation energies, respectively, and n, accounts for a
residual concentration of carriers, including those of the as-
grown sample, which are not affected by the annealing

o —E_ kT,
Ny =ng+n,=nye 1 e

TABLE 1. Values (and standard deviations) of the parameters entering the best fits of Eq. (4) to the
annealing data, as obtained from separately averaging the values obtained from the fits of the whole set of
isothermal or isochronal annealings. Parameter values averaged over the whole set of isothermal and iso-
chronal annealings are also shown in the third row. E,; are the activation energies for H debonding, n; are the
carrier concentrations of each H species at the beginning of the annealing, and 7, is the residual carrier
concentration after an infinite time of annealing; see Eq. (4).

Annealing E, (eV) g, (1017 cm™3) E, (eV) ngy (107 cm™) n, (1017 cm™)
Isothermal 2.20+0.06 5014 1.95+0.06 50+1.6 9.7+04
Isochronal 2.17+0.01 34+12 1.99 +0.05 3712 10604
Average 2.18+0.07 3.8+04 1.97 +0.06 45+0.9 10.2+0.5
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process.'® The values of the best fitting parameters, as ob-
tained from an average of the fits of the whole set of isother-
mal annealing data, and of their standard deviations are
shown in the first row of Table 1. The values of the attempt
frequencies have been kept equal to those estimated for the
stretching frequencies of interstitial H* in the antibonding
nitrogen ABy site (v;=3412 cm™!) and the bond center BC
site (,=3069 cm™!). The ABy and the BC sites have been
theoretically predicted®*3! to be almost equivalent stable
sites for H in wurtzite InN.

It should be now clear why annealings at 250 and 375 °C
could be fitted reasonably well in terms of a single activation
energy, but with quite different values at the two tempera-
tures. The concentration of the carriers related to the second
H species, whose debonding activation energy is 2.20 eV,
decreases by only 0.5% after a 16 h annealing at 250 °C.
Therefore, at low annealing temperature this second H spe-
cies shows up only as an increase in the background concen-
tration, almost twice that in the as-grown sample. For the
opposite reason, annealing data at 375 °C could be fitted in
terms of a single activation energy 0.25 eV higher than that
required to fit the 250 °C annealing data: for an activation
energy of 1.95 eV, the carrier concentration decreases to 1%
of the initial value after just a 60 s annealing at 375 °C.
Therefore, only at intermediate temperatures the release of
both species of hydrogen can be followed as a function of
annealing time, and both activation energies are required in
Eq. (4) to achieve a good fit of data. Within the experimental
uncertainty, these activation energies are the same as those
separately required to fit well the data at the lowest (250 °C)
and the highest (375 °C) annealing temperatures.

The value of n, is higher by ~20% than that of n, in the
as-grown sample, thus showing that H irradiation contributes
also to a small fraction of highly stable, lowly mobile de-
fects, most likely N vacancies as discussed before. Similar
concentrations of lowly mobile defects are produced by irra-
diating the sample with a dose of He ions (dp.=1.1
% 107 ions cm=2) more than 100 times higher than that nec-
essary to obtain the same 7, value by H ion irradiation. The
activation energy for the removal of these He-induced donors
is much higher than that characterizing H-donor removal, as
evidenced by the isothermal annealing data shown in Fig. 4
(open squares). This feature confirms the completely differ-
ent nature of these He-related donors with respect to H
donors.

The existence of at least two different, highly mobile
H-related donors is also required in order to fit the peculiar
dependence of n,; on T, as measured for isochronal anneal-
ings and shown in Fig. 5. Indeed, 4 and 8 h (as well as 1 h,
not shown here) annealing data (symbols) can be fitted well
(solid line) only in terms of two activation energies. The
slight misfit at 7,=375 °C is due to the beginning of desorp-
tion of the third, lowly mobile donor specie discussed before.
The values of E,; and E,, well match those found from the
isothermal annealings shown in Fig. 4; compare first and
second rows in Table I. Similar results have been obtained in
H beam irradiated samples where achieved carrier concentra-
tions were even higher, as well as in samples with different
substrates.
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FIG. 5. Carrier density related to donors n, in the sample D110
is reported as a function of annealing temperature 7, for #,=4 h in
panel (a) and for 7,=8 h in panel (b). Fits of Eq. (4) to the data in
terms of two H activation energies are shown by solid lines.

Some hints on the microscopic nature of the two different
H equilibrium sites may be provided by calculations based
on density functional theory within the local density approxi-
mation. These calculations predict that H has two stable
equilibrium sites in zinc blende®!” and wurtzite®® InN, the
antibonding nitrogen ABy site and the bond center BC site,
where H behaves as a donor, independently of n- or p-type
doping. The ABy site is slightly more stable than the BC
site: the total energy for the ABy site is 0.18 eV lower than
that of the BC site in zinc blende!” InN (0.15eV in
wurtzite’® InN). The formation energy of the two sites is
almost the same, too. These data are consistent with our ex-
perimental findings that, on the average, £, and E,, differ
by only ~0.21 eV and ny; and ny, are equal within the ex-
perimental uncertainty; see third row in Table I. It should be
noticed here also that the experimental uncertainty in the
activation energies, typical for this type of data analysis,*”
may reflect small differences between the dissociation of
H-N bonds parallel or perpendicular to the wurtzite ¢ axis as
well as the structural disorder of these highly defected
samples. Finally, the H species having the higher experimen-
tal activation energy should correspond to H in the more
stable ABy site, where its activation energy (~2.18 eV)
would be very close to that found in GaAs for AB H-donor
complexes having a bond strength similar to that of the N-H
bond here discussed.*?

IV. CONCLUSIONS

In conclusion, photoluminescence measurements demon-
strate that H shallow donors (with binding energy equal to
about 10 meV) can be produced in n-type InN by exposure
to a H, plasma or to a low-energy H ion beam. Thus, elec-
tron concentrations about 2 orders of magnitude higher than
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that of the insulator-to-metal transition have been achieved.
The decrease in the carrier concentration toward that of the
as-grown sample upon different thermal annealing is charac-
terized by two activation energies and provides evidence of
different donor species related to H irradiation.

The results presented here emphasize the multiform capa-
bility of H to modify dramatically the electronic properties of
semiconductors whenever it forms strong bonds with highly
electronegative elements such as N and O. As an example, H
passivates the effects of isoelectronic doping determined by
N in III-V compounds or by O in II-VI compounds.>™ Fi-
nally, it has been recently debated if H does or does not give
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rise to a donor state through the formation of multicenter
bonds with four Zn atoms in Zn0O.3*34 In this material H acts
as a donor also by occupying the ABg and the BC sites as,
mutatis mutandis, it does in InN. Therefore, InN appears to
be an appropriate test bed for investigating the fascinating
properties of H bonds in semiconductors.
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