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Hydrogen migration in single crystal and polycrystalline zinc oxide
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Hydrogen diffusion in single crystal and polycrystalline zinc oxide was investigated by deuterium diffusion
and hydrogen effusion experiments. Deuterium concentration depth profiles were measured as a function of the
passivation temperature, while in H effusion experiments the molecular hydrogen flux was measured as a
function of the heating rate. The diffusion coefficient exhibits thermally activated behavior and varies between
E,=0.17 and 0.37 eV. The change of E, is accompanied by a change of the diffusion prefactor by eight orders
of magnitude. This indicates that E, is not related to the energetic position of H transport sites or the barrier
height between such sites. Using the microscopic diffusion prefactor, the position of the hydrogen chemical
potential, uy, was estimated. With increasing temperature, uy decreases with a rate of =0.0013 eV/K. At H
concentrations of less than 10'7 cm™ u is pinned. The hydrogen density of states was derived from H
effusion data, which is consistent with a diffusion activation of about 1.0 eV as was originally reported by
Mollwo [Z. Phys. 138, 478 (1954)] and Thomas and Lander [J. Chem. Phys. 25, 1136 (1956)]. Clear evidence

for hydrogen deep traps was found in single crystal and polycrystalline ZnO.

DOI: 10.1103/PhysRevB.73.195204

I. INTRODUCTION

Recently, zinc oxide (ZnO) has regained interest for a
number of reasons. Because of its large energy gap of
3.4 eV, ZnO has been utilized as active layer in transparent
thin-film transistors.'? On the other hand, because of the
large exciton binding energy of about 60 meV,*> ZnO is con-
sidered as a superior material for light-emitting diodes and
semiconductor lasers. However, prior to the investigation and
fabrication of optoelectronic devices, a major obstacle has to
be overcome; namely, to achieve p-type conductivity with
sufficiently high hole concentrations.

Besides intrinsic defects in ZnO, such as Zn interstitials
that cause n-type conductivity, hydrogen has been identified
as a shallow donor. According to calculations based on
density-functional theory, the H atom forms a strong bond
with an oxygen atom causing a large displacement of the
adjacent Zn atom. This complex was suggested as an H do-
nor complex.* Muon spin rotation experiments® and nuclear
double resonance experiments® confirmed the theoretical pre-
diction. Hydrogen is readily incorporated into ZnO during
processing and/or post-treatment steps. Since it turned out
that state-of-the-art single crystal ZnO samples contain up to
10" cm™ H atoms,’”® which can impede effective p-type
doping, it became apparent that a fundamental understanding
of hydrogen accommodation and migration is of great impor-
tance.

The role of hydrogen in ZnO has already been investi-
gated in great detail in the 1950s. Heating ZnO crystals in a
hydrogen atmosphere resulted in an increase of the conduc-
tivity, and when the hydrogen was subsequently removed the
conductivity returned to its original value.” Assuming that all
hydrogen atoms ionize and that the mobility of the electrons
is independent of concentration, information on hydrogen
diffusion and solubility was obtained from conductivity
measurements.”!? Mollwo® reported a diffusion activation
energy of 1.12 eV. On the other hand, Thomas and Lander'’
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obtained a somewhat smaller value of 0.91 eV because they
argued that under the experimental conditions used for the
measurements the electrons are more mobile than the protons
and diffuse ahead dragging the protons along. This important
topic was revisited recently. Hydrogen diffusion was inves-
tigated by exposing ZnO samples to a deuterium plasma.
Subsequently, the D depth profiles were measured by
secondary-ion-mass spectrometry (SIMS). Interestingly, the
diffusion activation energy determined from deuterium con-
centration depth profiles was found to be as low as
0.17£0.12 eV.!!

In this work, we investigate hydrogen transport in single
crystal and polycrystalline ZnO by analyzing deuterium
depth profiles obtained from SIMS and by analyzing hydro-
gen effusion spectra. We find that the diffusion activation
energy, E,, depends significantly on the experimental condi-
tions. A change of E, from 0.17 to 0.37 eV is accompanied
by a change of the diffusion prefactor by about eight orders
of magnitude. The implications of this observation on hydro-
gen transport are discussed in detail.

The paper is organized as follows. Section II describes the
sample preparation and gives information on the experimen-
tal procedures used. Deuterium concentration profiles ob-
tained on single crystal and polycrystalline ZnO are shown in
Sec. IIT A. while the results from hydrogen effusion mea-
surements are shown in Sec. III B. Implications of the data
for H diffusion are discussed in Sec. IV, and finally Sec. V
summarizes the main results of this research.

II. EXPERIMENT

The experiments described in this paper were performed
on single crystal'? and polycrystalline ZnO. The polycrystal-
line samples were grown on quartz substrates by dc magne-
tron sputtering at a substrate temperature of 523 K. The sput-
tered ZnO samples had a thickness of 8§ um and were
composed of columnar grains. The length of the grains is
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limited only by the film thickness. All investigated samples
were nominally undoped with a (0001) crystallographic ori-
entation.

As a tracer element monatomic *H (deuterium) was intro-
duced into the specimens using an optically isolated remote
plasma.'® Deuterium (D) is a readily identifiable isotope,
which duplicates hydrogen chemistry. During postdeutera-
tion the concentration of monatomic D in the plasma is con-
stant, and was estimated to be =5 X 10" ¢cm™ using electron
spin resonance measurements.'> During plasma passivation,
the sample temperature was kept constant and the hydroge-
nation time was typically 1 h. At the end of the plasma pas-
sivation, the samples were rapidly cooled to room tempera-
ture with a cooling rate of about 20 K/s. Then, the
specimens were taken out of the plasma passivation setup.
After mounting the samples in a SIMS apparatus, the D
depth distributions were measured using a Cs*-ion beam. An
implanted ZnO standard was used to calibrate the deuterium
concentrations. The depth scales were obtained by measuring
the depth of the sputtered craters using a mechanical stylus.

For one set of single crystal, ZnO information on hydro-
gen migration was obtained from hydrogen effusion mea-
surements. For this purpose, samples from a single crystal
were each heated with a different heating rate, while the
molecular hydrogen flux was measured with a quadrupole
mass spectrometer. Prior to each measurement, background
spectra were taken and subtracted from the sample data. The
relative H, flux of the measurements was calibrated using the
known neon flux through a capillary. The analysis of the
effusion data is described in more detail in Sec. III B.

In the subsequent discussion, the term hydrogenation will
be used interchangeably with the term deuteration since no
significant differences in its migration properties have been
found for the two isotopes.'*

III. RESULTS

The results presented in this section were obtained by
varying the following experimental parameters: The type of
7Zn0, e.g., single crystal and sputter deposited polycrystalline
ZnO, postdeuteration temperature, and heating rate in hydro-
gen effusion experiments. In Sec. III A, the results obtained
from deuterium plasma diffusion experiments on single crys-
tal and polycrystalline ZnO are shown. Section III B focuses
on the results obtained from hydrogen effusion experiments
performed on single crystal ZnO.

A. Diffusion from a plasma
1. Single crystal zinc oxide

Figure 1 shows deuterium depth profiles obtained on
single crystal ZnO after an exposure to monatomic D for 1 h
at the indicated temperatures. For clarity, only two D depth
profiles are shown. With increasing passivation temperature
from 413 to 513 K, the deuterium surface concentration, C,,
increases from about 4 X 10" to 10%° cm™3. The D depth pro-
files can be divided into two regions. In the near-surface
region (depth <1.0 um), the D concentration is enhanced
and the deuterium profiles exhibit an exponential decay with
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FIG. 1. (Color online) Deuterium concentration depth profiles in
single crystal ZnO obtained from SIMS measurements. The samples
were exposed to monatomic deuterium for 60 min at the indicated
temperatures. The dashed and dotted lines represent least-squares
fits to an exponential decay and an erfc, respectively. For clarity,
only two D profiles are shown.

depth. At deuteration temperatures from 413 to 513 K, a
characteristic decay length, xy, of 0.35 and 0.19 um was
obtained, respectively. In this region, hydrogen diffusion is
much slower than in the bulk of the samples. The diffusion
coefficients were estimated using the relation

%

4y (0
where 1, is the deuteration time. With increasing tempera-
ture, the diffusion coefficient in the high D concentration
region decreases from ~3.3 X 107'3 to 1 X 107* cm?/s. The
dependence of the D depth profiles and the diffusion coeffi-
cient on the passivation temperature indicate that the concen-
tration of near-surface traps decreases, but the remaining
traps are deeper in energy retarding trapped H significantly.
This will be discussed in more detail in Sec. IV B.

At a depth greater than 1.0 um, the deuterium concentra-
tion is about one order of magnitude lower than in the near-
surface region, and the diffusion is enhanced. The diffusion
coefficient was obtained from least-squares fits of the data to
a complementary error function

X
Cplx,t)=C, erfc(——), (2)
b 0 2\,‘"DID

where Cj, is the D surface concentration and x is the depth.
The fits are indicated by the dotted lines in Fig. 1 and are in
good agreement with the data for a depth greater than 1 um.
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FIG. 2. (Color online) Diffusion coefficient as a function of the
reciprocal temperature for deuterium diffusion from a plasma into
single crystal ZnO. The data are represented by the diamonds. The
line is a least-squares fit to the data and exhibits an activated be-
havior with a slope of E,=0.23 eV.

This indicates that the fast diffusion component of the deu-
terium profiles can be described by a single diffusion coeffi-
cient.

The diffusion coefficients obtained from the least-squares
fits are plotted in Fig. 2 versus 1/7. D exhibits an apparent
activation energy of E£,=0.23 eV. Recently, a similar small
value of 0.17+0.12 eV was reported for hydrogen diffusion
in bulk ZnO, and it was concluded that such a low value is
consistent with the idea that atomic hydrogen migrates via
interstitial sites.!! However, both values for the activation
energy are significantly smaller than previously reported val-
ues of E,=1.12 and 0.91 eV by Mollwo’ and Thomas and
Lander,'° respectively.

2. Polycrystalline ZnO

In order to investigate the influence of disorder similar
deuterium diffusion experiments were performed using sput-
ter deposited polycrystalline ZnO films. In Fig. 3, the D con-
centration as a function of the sample depth is shown. Com-
pared to the data obtained for D diffusion in single crystal
ZnO (Fig. 1) in polycrystalline ZnO, a significant D concen-
tration is accommodated within the first 2 to 3 um. The D
surface concentration reaches a constant value of 2-3
X 10?° cm™. Then the D concentration decreases exponen-
tially with a characteristic decay length from x;,=0.26 to
0.37 um. These values are comparable to x, determined
from single crystal ZnO. However, in contrast to single crys-
tal ZnO in polycrystalline samples, the characteristic decay
length and the amount of D trapped in the near-surface re-
gion increase with increasing passivation temperature.

At a depth greater than about 2 um, the depth profiles
deviate from an exponential decay and follow a complemen-
tary error function. According to the data shown in Fig. 3,
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FIG. 3. (Color online) Deuterium concentration versus depth in
polycrystalline ZnO obtained from SIMS measurements. The speci-
mens were exposed to a deuterium plasma for 60 min at the indi-
cated substrate temperatures. The dotted lines represent a least-
squares fit to Eq. (2), while the solid lines indicate an exponential
decay of the D concentration.

hydrogen diffusion in disordered ZnO exhibits a fast and a
slow diffusion component. While it is likely that fast diffu-
sion occurs via interstitial lattice sites, the slow diffusion
component is governed by a large concentration of deep trap-
ping sites (Ny,p=2-3 X 10 cm™) that trap and release hy-
drogen on time scales long compared to the diffusion experi-
ment.

The temperature dependence of the diffusion coefficient
for low D concentration diffusion is plotted in Fig. 4. The
diffusion coefficients are about one order of magnitude
smaller than for D diffusion in single crystal ZnO (see Fig.
2). The data exhibit an apparent activation energy of E,
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FIG. 4. (Color online) Diffusion coefficient in polycrystalline
ZnO as a function of the reciprocal temperature for low D concen-
tration diffusion. The full and open triangles represent deuterium
and hydrogen diffusion experiments, respectively.
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FIG. 5. (Color online) Temperature dependence of the diffusion
coefficient for high D concentration diffusion in polycrystalline
ZnO.

=0.16 eV that is comparable to the data shown in Fig. 2. The
low D concentration data (Fig. 3) exhibit some scattering.
However, this does not cause a significant change of the
apparent activation energy.

The D diffusion coefficients obtained for high deuterium
diffusion (Fig. 5) are about one order of magnitude smaller
than for low D concentration diffusion. Interestingly, the
temperature dependence of D exhibits a comparable activa-
tion energy of E4=0.16 eV. This is an unexpected result.
Commonly, for diffusion in disordered semiconductors, one
would expect a significant increase of the activation energy
for low concentration diffusion, as was reported previously
for polycrystalline silicon.'*

B. Hydrogen effusion

Usually, hydrogen diffusion measurements rely on a pro-
cess that initially introduces hydrogen or a tracer isotope,
such as deuterium, into the sample. This step can be avoided
by using hydrogen effusion measurements. Commonly, all
semiconductors contain hydrogen atoms that were intro-
duced during growth and/or subsequent processing steps.
Hydrogen effusion measurements provide information on the
total H concentration, the spectra of the H evolution rate as a
function of temperature, the hydrogen density-of-states, and
the diffusion coefficient.”!3:16

Figure 6 shows the molecular hydrogen flux of single
crystal ZnO as a function of temperature. The four samples
investigated were cut from one wafer. The effusion measure-
ments were carried out with heating rates between 5 and
35 K/min. Significant out-diffusion of H, occurs at tempera-
tures above 470 K. At temperatures above 1170 K, the
samples began to decompose resulting in an increase of the
background pressure of the effusion setup. Hence, data taken
at 7> 1170 K cannot be analyzed reliably. It is interesting to
note that the effusion spectra exhibit significant differences
although all specimens were cut from one single crystal. This
will be discussed in more detail in Sec. IV B. However, it is
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FIG. 6. (Color online) Molecular hydrogen evolution rate as a
function of temperature. The measurements were performed on
single crystal ZnO cut from one wafer. The measurements were
performed with different heating rates varying between 5 and
35 K/min. The inset shows the temperature of the maximum H,
flux, T\iax, as a function of the heating rate.

important to note that the maximum of the H, flux shifts to
larger temperatures as the heating rate is increased (see inset
of Fig. 6). This is consistent with a previous report that
showed that the hydrogen effusion mechanism in ZnO is
governed by the diffusion of monatomic H from the bulk to
the surface.””!” Hence, the distribution of hydrogen in the
sample, Cp(x,f), has to be compatible with the diffusion
equation

aC _ D@ PC

2 PO 5 ®)

where the time-dependent diffusion coefficient is given by

Ey
b= DOeXP( thdT/dt>' “
D, is the microscopic diffusion prefactor, kp is Boltzmann’s
constant, and d7/dt is the heating rate. For a linear heating
rate and an initially constant H concentration with depth,
Beyer and Wagner'” derived the following equation to de-
duce the diffusion coefficient from hydrogen effusion data:

d* dT/dt Dy E, D
| S—5—]=l| =2 |-—2—=ln—. (5
7 kpTitax Ey)  kpTyax E,

Here, Ty, is the temperature of the maximum molecular
hydrogen flux and d is the sample thickness. Hence, the dif-
fusion coefficient can be determined either from measuring
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Tmax as a function of the sample thickness or as a function of
the heating rate.

The analysis of the H effusion data with respect to the
diffusion coefficient according to Eq. (5) is shown in Fig. 7.
The solid line depicts a least-squares fit to the data and ex-
hibits an activation energy of E,=0.37 eV. Compared to the
values obtained for post-deuterated single crystal and poly-
crystalline ZnO the activation energy obtained from hydro-
gen effusion measurements is about a factor of 2 larger. From
the data shown in Fig. 7, the diffusion coefficient

D= Doexp(— EA/kBT) (6)

was determined and the values are plotted in Fig. 8 versus
1000/ Ty, These values have to be compared to the data
shown in Fig. 2, which shows the diffusion coefficient for
deuterium diffusion in single crystal ZnO. While the effusion
experiment yields data at higher temperatures they overlap at
1000/T=1.6 K~!. At this temperature, the diffusion coeffi-
cient obtained from H effusion is about two orders of mag-
nitude larger than D obtained from SIMS measurements.
Furthermore, when comparing the data of Fig. 8 to the dif-
fusion coefficients obtained on polycrystalline ZnO, there is
also a difference in D of about four orders of magnitude for
both low and high deuterium concentration diffusion.

IV. DISCUSSION

The experimental data presented in the previous section
show that hydrogen diffusion in ZnO is a complex process.
The data can be understood in terms of models that were
developed to describe diffusion in disordered and single
crystal silicon. Model parameters, such as the hydrogen
chemical potential and hydrogen binding energies, can be
extracted from the experimental data. This section is divided
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FIG. 8. Diffusion coefficient, D, as a function of 1/Ty,. The
values for D were obtained from the data shown in Fig. 7.

into two parts. In the first part (Sec. IV A), the variation of
the diffusion coefficient with temperature is examined. Then,
in Sec. IV B, the role of the hydrogen density of states is
discussed.

A. Temperature dependence of the diffusion coefficient

Already 50 years ago, hydrogen diffusion in ZnO has
been studied intensively.”!° Thomas and Lander followed the
migration of hydrogen by the change of the conductivity of
the crystal upon exposure to hydrogen and found that H dif-
fusion followed the relation

0.91 eV) o

2D =0.063 exp(— T
B

The origin of the factor of 2 arises from charge interaction
from ionized H donors; the electrons are more mobile than
the protons. Hence, they diffuse ahead in the space-charge
region dragging the protons along. Mollwo® reported a some-
what larger activation energy of E,=1.12 eV.

Almost 50 years after the pioneering work of Mollwo and
Thomas and Lander, a new investigation on hydrogen migra-
tion in ZnO claimed that the activation energy for H diffu-
sion is as small as £,=0.17+0.12 eV, which would be con-
sistent with the notion that atomic H diffuses in interstitial
form.!! On first sight, our results presented above exhibit
similarly small activation energies and seem to support the
latter conclusion by Ip et al.'! However, when comparing
diffusion coefficients and activation energies from different
experiments (see Sec. IIT), it is obvious that the simple inter-
pretation of the temperature dependence of D as a measure
for the migration barrier height is not valid.

Hydrogen transport occurs between minimum energy po-
sitions by surmounting the barrier between sites at a saddle
point. Nominally undoped ZnO exhibits n-type conductivity.
Recent theoretical and experimental research that focused on
the origin of the n-type conductivity concluded that the pre-
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FIG. 9. Diffusion prefactor, Dy, as a function of the apparent
activation energy E, determined from Figs. 2, 5, and 8 (open
circles). The full triangle was determined from diffusion data of Ip
et al. (Ref. 11).

ferred charge state of hydrogen is H*.*~%!8 Hence, it is most
likely that H migrates as a proton. In analogy to charge trans-
port, it is commonly assumed that in a simple hydrogen
density-of-states distribution the diffusion coefficient can be
obtained from Eq. (6). In the past, it has been argued that this
simple equation is valid for broad density of states that ex-
hibit peaks at various energies. Moreover, based on these
assumptions, E4 should correspond to the energies of deep
and shallow trapping sites.!*!” In the case of single crystal
Zn0O, E, should reflect the barrier height between two trans-
port sites. However, in this model, the key assumption is a
diffusion prefactor, Dy, that is independent of all experimen-
tal parameters. From the experiments performed above the
prefactor can be easily determined by extrapolating the tem-
perature dependence of the diffusion coefficient to 1/7T
=0 K~!. Figure 9 shows the diffusion prefactor D, as a func-
tion of the apparent activation energy E4. The open circles
depict data from Sec. III that were obtained on single crystal
and polycrystalline ZnO. The full triangle was estimated
from recent data published by Ip et al.'' They reported an
activation energy of £,=0.17+0.12 eV and a diffusion coef-
ficient of D~8X 1071 cm?>s~! at 573 K. With increasing
activation energy, the diffusion prefactor increases by about
eight orders of magnitude. The data can be described by a
straight line independent of the measurement method and the
degree of disorder. Such a relation is well know as Meyer-
Neldel behavior.?’ Previously, it was also observed for hy-
drogen diffusion in amorphous, microcrystalline, and poly-
crystalline silicon.??> Figure 9 shows that the prefactor D,
depends on the experimental conditions. Therefore, the ap-
parent activation energies, E,, derived from the temperature
dependence of the diffusion coefficient are not related to the
energetic position of shallow trapping sites or the barrier
height between the transport sites.

The microscopic diffusion prefactor should be constant
and independent of experimental conditions such as degree
of disorder, H concentration, passivation temperature, and
experimental methods. From a theoretical approach, the mi-
croscopic diffusion prefactor is given by
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FIG. 10. (Color online) Position of the hydrogen chemical po-
tential, Ey—uy(T), as a function of temperature. The open dia-
monds and full triangles represent deuterium diffusion in single
crystal and polycrystalline ZnO, respectively.
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where Ny is the number of nearest-neighbors sites, v is the
attempt frequency, and a is the mean-free path. Depending
on the preferred migration site for H*, Ny is either 3 for a
migration path via hydrogen at an oxygen antibonding site or
6 for a migration path via the oxygen bonding sites. Using
reasonable values of »=10'"3 Hz and a=~4 A, the diffusion
prefactor can be estimated to D{=~0.7-5X107% cm?s7\.
This is in good agreement with the experimentally obtained
diffusion prefactor of Dy=3X10"2cm?s™! from Thomas
and Lander.'? Using the microscopic diffusion prefactor, the
position of the hydrogen chemical potential, uy(7), can be
estimated with respect to the migration saddle point, E,;,
using the relation

Ey = pp(T) == kgT ln<D2T> . )
0

For this purpose, a value of Dg =10"% cm? s~! was used. This

does not produce a large error of the following analysis since
the results depend only logarithmically on the assumed value
of the microscopic diffusion prefactor; an error of one order
of magnitude will cause an energy change of less than
100 meV.

The temperature dependence of the position of the hydro-
gen chemical potential is shown in Fig. 10 for diffusion in
single crystal (open diamonds) and polycrystalline ZnO (full
triangles). With increasing temperature, the chemical poten-
tial sinks deeper in energy with respect to Ej, at roughly a
rate of 0.0013+0.0008 eV/K. This rapid change of uy is
only possible if the concentration of H trapping sites is small
at the chemical potential. The temperature dependence of uy
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is most likely related to the hydrogen quasichemical poten-
tial of the H plasma. Assuming that H in the ZnO solid is in
equilibrium with the monatomic H in the plasma, then a
change of the plasma quasichemical potential, up, will cause
a change of E,;—uy. In the plasma, up is given by

Mp= kBTln(CVQ), (10)

where T is the gas temperature, ¢ is the atomic H concentra-
tion, and V,, is the quantum volume. According to Ref. 13
¢ amounts to about 5X 10'> cm™. At 300 K, the quantum
volume is equal to V,=10">* cm®.>* With these values, the
temperature dependence of the plasma quasichemical poten-
tial can be calculated to about up/T=-0.0016 eV/K. This
change is in good agreement with the values of
~—(0.0013+0.0008 eV/K obtained from the data in Fig. 10.
The decrease of the chemical potential occurs because with
increasing temperature hydrogen in the solid state is less fa-
vorable than H in the gaseous state due to the greater en-
tropy.

Using the temperature dependence of the hydrogen
chemical potential, the data can be corrected to calculate
Ey—umy(T) at a constant temperature. At a temperature of
350 °C, the hydrogen chemical potential resides at 0.79 and
1.02 eV below the migration saddle point for single crystal
and polycrystalline ZnO, respectively. These values for the H
chemical potential are compatible with the diffusion activa-
tion energy of 0.91 and 1.12 by Thomas and Landner!® and
Mollwo.’

The temperature dependence of the diffusion coefficient
obtained from hydrogen effusion measurements cannot be
analyzed by the method presented above. However, from the
molecular hydrogen flux, the position of the hydrogen
chemical potential can easily be derived using the relation'®

)
Ey—py=—kgTIn| — |, (11)
Fy

where the prefactor is given by Fy=2wvaNg,/d. Here, d is
the sample thickness and Ng,=~ 10'3 cm2 is the number of
H surface states. With d X Fy=~6X 10* cm™!' s7!, the posi-
tion of the H chemical potential can be calculated. In Fig. 11,
Ey;— g is depicted as a function of the hydrogen concentra-
tion for single crystal ZnO measured with heating rates of 5,
20, and 35 K/min. At an H concentration approaching
10'8 ¢cm™3, the H chemical potential resides about 0.6 eV be-
low E),. Independent of the heating rate, E),— uy increases
rapidly to a value between 2.0 and 2.3 eV as the residual
hydrogen concentration in the sample approaches a value of
10'7 cm™. As the residual H concentration decreases further,
the H chemical potential remains constant. This is indicative
of a negative-U system.?*

B. Hydrogen density of states

The analysis of the presented data has shown that with
increasing temperature (Fig. 10) and decreasing hydrogen
content (Fig. 11), the H chemical potential shifts readily to-
ward deeper energies with respect to the transport sites, in-
dependent of the method used to investigate hydrogen diffu-
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FIG. 11. (Color online) Hydrogen chemical potential with re-
spect to the migration saddle point, Ey—uy, as a function of the
hydrogen concentration. The data were derived from the effusion
spectra shown in Fig. 6. For clarity, the data for a heating rate of
10 K/min are omitted.

sion in ZnO. The observed behavior suggests that the
hydrogen chemical potential resides above a minimum in the
density of states. The deuterium concentration depth profiles
(Figs. 1 and 3) contain some more information regarding the
H density of states. The exponential depth dependence of the
high D concentration part of the depth profiles indicates that
H is being trapped at energetically deep sites. Their concen-
tration amounts t0 Ny, =0.4-3 X 10* cm™ (see Figs. 1-3).
From the present set of data, information on the energetic
position cannot be obtained. However, since the D concen-
tration exhibits an exponential depth dependence, one can
conclude that these sites reside significantly deeper in energy
than the H transport sites, since an exponential decay is in-
dicative of sites that trap and release hydrogen on timescales
much longer than those of the diffusion experiments.

If hydrogen were simply to diffuse through the ZnO
samples, one would not expect to observe the buildup of
large H concentrations in the near-surface region. This obser-
vation (Figs. 1 and 3) demonstrates that hydrogen has a ten-
dency to create additional trapping sites. This is a well-
known phenomenon in other semiconductors. In n-type
single crystal and polycrystalline silicon, high deuterium
concentration depth profiles indicate the presence of plate-
lets. These structural defects are believed to be a conse-
quence of the coordination formation of Si-H bonds driven
by strain.>>~27 Other possibilities include, but are not limited
to, the neutralization of dopants and impurities, passivation
of structural defects, such as interstitials, vacancies, and
stacking faults. Although interesting and important, the iden-
tification of the microscopic origin of the near-surface D ac-
cumulation is beyond the scope of this research and requires
a significant amount of additional work.

Information on the nature of the H density of states can be
derived from the H effusion spectra. The total H concentra-
tion of any semiconductor is given by
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FIG. 12. Hydrogen density of states distribution of single crystal
ZnO cut from one wafer. The data were obtained by applying Eq.
(13) to the hydrogen effusion data shown in Fig. 6.

Cy= f Ny(E)A(T.E, uy)dE. (12)

In this equation, Ny denotes the hydrogen density of states,
and f(T,E, uy) represents the occupation function. Since the
occupation function f peaks at E=uy the H density of states
is given by!®

Na(g) = 252, (13)
1%

In Fig. 12, the hydrogen DOS is shown for 3 single crystal
ZnO samples. A significant concentration of H sites occurs
for H binding energies between 1.0 and 1.3 eV. This is con-
sistent with previously published data.” However, it is inter-
esting to note that the H density of states differs significantly
for the investigated samples suggesting that this is due to a
change of the heating rate. Commonly, however, this is not
the case. When changing the heating rate or the sample
thickness, one usually obtains the same H density of states.
This has been demonstrated experimentally for sputter de-
posited ZnO samples.” Hence, the data shown in Fig. 12
indicate that in single crystal ZnO, the H distribution and the
H density of states vary significantly over the area of a wafer.
According to the H density of states, most H atoms are ac-
commodated at binding energies between E,—uy=1 and
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1.5 eV. No data were obtained for binding energies of less
than E,;—uy=0.8 eV clearly demonstrating that a diffusion
activation energy of less than 0.8 eV is highly unlikely.
Therefore, the measured H density of states is consistent with
the original H diffusion measurements of Mollwo® and Tho-
mas and Lander.'”

V. SUMMARY

In summary, we have investigated hydrogen diffusion in
single crystal and polycrystalline ZnO by using post-
hydrogenation experiments followed by SIMS measurements
and hydrogen effusion measurements. The deuterium depth
profiles exhibited a fast and a slow diffusion component in
both sets of ZnO samples with an apparent activation energy
of £,=0.17 eV. Only the temperature dependent diffusion
coefficient, deduced from H effusion experiments, exhibited
a larger apparent activation energy of E,=0.34 eV. Although
these values are consistent with a recently reported activation
energy by Ip et al.'! they are about one order of magnitude
smaller than E, from the original works of Mollwo® and
Thomas and Lander.'® However, the variation of the ob-
served apparent activation energy is accompanied by a
change of the diffusion prefactor D, by about eight orders of
magnitude. This shows that £, does not represent the barrier
height for H migration. Using the theoretical diffusion pref-
actor, the position of the H chemical potential was calculated
as a function of temperature. E,;— uy increases with a rate of
about 0.001 eV/K that is due to a decrease of the plasma
chemical potential. In response to a decrease of the H con-
centration from 10'® to 10'7 cm™ uy shifts about 2.5 eV
away from the H transport states. As the residual H concen-
tration decreases further, the H chemical potential is pinned
which is indicative of a negative U system. The H density of
states distribution derived from H effusion data shows that
most H atoms are accommodated with binding energies of
1.0 to 1.5 eV. The lack of trapping sites with binding ener-
gies of less than about 0.8 eV is consistent with the original
H diffusion measurements of Mollwo® and Thomas and
Lander.'?
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