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Photoconductive detection of hydrogen in ZnO and rutile TiO,
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Hydrogen donors in ZnO and rutile TiO, are probed by means of photoconductivity and IR
absorption. It is shown that the O—H bonds giving rise to the local vibrational modes (LVMs) of
interstitial hydrogen at 3611 and 3290cm ' in the case of ZnO and TiO,, respectively, also occur in
the photoconductivity spectra as Fano resonances. The effects of isotope substitution, concentration,
sample thickness, influence of other donors present in both oxides are considered. Based on the shape
and frequency of these resonances, it is concluded that the apparent ionization energy of interstitial
hydrogen in rutile TiO, is less than 300 meV. By a direct comparison, we also demonstrate that
photoconductive detection of LVMs of defects in thin semiconductor films is superior to the standard
IR absorption. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960132]

I. INTRODUCTION

Local vibrational mode (LVM) spectroscopy is a versa-
tile tool that provides a wealth of information about the
chemistry and symmetry of light defects in the host lattice.
The identification of the species is obtained from isotope
substitutions, uniaxial stress experiments provide the sym-
metry, and a thermal treatment gives binding energies. LVM
detection by Fourier-transformed IR absorption spectroscopy
has been developed as the most versatile technique for defect
studies.! The theoretical description of defects in solids has
advanced lately and allows the calculations of LVMs to a
very high precision. Hence, predictions of defect properties
can be, in principle, easily verified by means of vibrational
spectroscopy.

From the experimental point of view, however, investi-
gation of LVMs of defects in solids is not always an easy
task. The situation is simple if vibrational motion of species
is decoupled from the lattice phonons and/or electronic exci-
tations. Typically, but not always, this is the case for light
impurities such as hydrogen, whose vibrational frequencies
are well above most of the elementary excitations in
semiconductors.’

Situation changes if masses of the vibrating atoms come
closer to those of the host lattice. In this case, LVM frequen-
cies occur in strongly absorbing spectral regions of crystals
resulting from two-phonon or/and electronic absorption,
which makes direct IR absorption experiments practically
impossible. The sensitivity of Raman scattering is too low to
replace IR absorption in most cases, which seriously restricts
the number of direct experimental techniques capable of
probing LVMs of defects in semiconductors and hinders the
progress in understanding their properties.

Another drawback of IR absorption spectroscopy is the
difficulty in determining the electrical activity of the defects
since frequencies of vibrational modes are rather insensitive
to the charge states of the defect complexes.
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Recently, a method of photoconductive detection of
LVMs has been proposed to overcome the challenges faced by
IR absorption in ionic crystals.> The method was successfully
applied to investigate hydrogen substituting for oxygen (Hop)
in ZnO. The calculated LVMs of this complex were found at
760(50) cm~',* which is very close to the Reststrahlen band
of this material what made IR absorption and thus direct verifi-
cation of the theoretical predictions practically impossible.

Another advantage of photoconductive detection of
LVMs as compared to the absorption spectroscopy is its
exceptional sensitivity.” A key prerequisite for successful
employment of photoconductivity, however, is low-noise
ohmic contacts working at helium temperatures.

The principle of the method is shown in Fig. 1. A photo-
current is detected when an incoming photon excites an elec-
tron from the ground state of a donor into the conduction
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FIG. 1. Schematic view of a photoconductivity spectrum of a shallow donor

including a Fano resonance (¢ < 0) due to the vibrational motion (frequency
Q) of its nuclei.
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band of a semiconductor. Alternatively, a photon with the
same energy can excite a LVM of the defect. If the two types
of excitations are decoupled (V' =0), the LVM will result in
a dip in the broad photoconductivity (PC) spectrum. Note
that the sharp lines in the spectrum corresponding to the
intrinsic states of an electron are results of the simultaneous
or consecutive absorption of a photon and one or more pho-
nons. This mechanism is known as photothermal-ionization.’
Another possibility arises if both LVM and electronic
excitations originate from the same defect (V # 0). In this
case, the PC spectrum is modified resulting in a Fano reso-
nance, the shape of which is given by®

(q+e)’
1+e’

L 0—Qy—AQ
N r/2 ’

I(€) x (1
where € is the LVM frequency, I' is the spectral width of
the interacting discrete vibrational state, AQ is the additional
shift, and ¢ is the line shape parameter. Qualitatively, the
shape of the resonance depends on the parameter g. For
q =0 the LVM will appear as an anti-resonance, whereas for
q — *oo it will have a Lorentzian shape. Obviously, the
cases of anti-resonance and decoupled vibrational motion
(V=0) are difficult to distinguish experimentally, whereas
an enhancement of the photocurrent at w = wg (¢ — *£00)
will unambiguously imply that this defect is a dominant
donor/acceptor in the sample and will therefore unveil the
type of its electrical activity.

Here, we report the results of a detailed photoconductiv-
ity study aimed at the vibrational motion of hydrogen-related
donors in ZnO and rutile TiO, (preliminary results were
reported in Ref. 7). Specifically, the effects of isotope substi-
tution, concentration, sample thickness, and influence of
other donors present in the material are addressed.

Il. EXPERIMENTAL DETAILS

The photoconductivity and IR absorption measurements
were performed with a Bomem DA3.01 Fourier spectrometer
equipped with a globar light source and a KBr or CaF,
beamsplitter. The samples were positioned in an exchange-
gas cryostat equipped with ZnSe windows. The frequency
range 500-5000 cm ' could be covered. The spectral resolu-
tion was 0.25—-1.0cm ™~ '. The temperature of the samples was
stabilized within 0.4 K in the range of 7-12 K.%*

The nominally undoped ZnO samples used in this work
were grown from the vapor phase at the Institute for
Applied Physics, University of Erlangen, Germany.'® The
rutile TiO, samples were commercial (110)-oriented wafers
purchased from CrysTec GmbH (Germany) grown by the
Verneuil technique with a resistivity above 10 MQ cm at
room temperature.

Hydrogen or/and deuterium were introduced into the
samples via thermal treatments in sealed quartz ampules,
filled with H,, D,, or H, + D, gas (a pressure of 0.5 bar at
room temperature). The treatments were performed at
450-800 °C within 1-6 h and were terminated by quenching
to room temperature in water. To produce ohmic contacts,
the samples were first etched with orthophosphoric acid
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(ZnO) or KOH (TiO,) for 1min at room temperature.
Afterwards, two contacts with an area of approximately
2 x 2mm? were generated by scratching an In-Ga eutectic
onto the sample surface.

lll. RESULTS AND DISCUSSION
A. ZnO
1. Isotope substitution

To get insight into the advantages and disadvantages of
the method of photoconductive detection of local vibrational
modes, we consider first interstitial hydrogen in ZnO
(Hpc)—a defect whose properties are very well known 51112
Here, the hydrogen atom is positioned between the neighbor-
ing zinc and oxygen atoms forming an O-H bond aligned
parallel to the c¢ axis of the crystal which is characterized by
a local vibrational mode with a frequency of 3611cm '.®
Upon replacement with deuterium, the LVM of the defect
red-shifts by around a factor of v/2 down to 2668 cm ™.

Interstitial hydrogen in ZnO is a shallow donor with an
ionization energy of 53 meV.'? Spectroscopic features of Hgc
were documented in IR absorption, photoluminescence, and
Raman scattering. Intrinsic 1s — 2p.(p,,) donor transitions
at around 330cm ™" were also detected in photoconductivity
spectra of hydrogenated ZnO samples. Concentration of Hgc
can be obtained from the intensity of the 3611-cm™'line in
the IR absorption spectra.'? For the treatment performed at
750°C, it equals approximately 3 x 10'” cm™> what matches
the solubility limit of hydrogen at this temperature. '

Figure 2 presents sections of photoconductivity spectra
taken on ZnO samples treated in H, (top), D, (mid), and
H, + D, (bottom) gas at 750°C. These spectra reveal that
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FIG. 2. Sections of photoconductivity spectra taken at 7 < 10 K on vapor
phase grown ZnO samples treated at 750 °C for 1h in H, (top), D, (mid),
and H, + D, (bottom) gas.
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FIG. 3. Sections of photoconductivity (top) and IR transmission (bottom)
spectra taken at 7 < 10 K on vapor phase grown ZnO sample treated at
800°C for 1h in H, + D, gas.

LVM of interstitial hydrogen in ZnO can also be probed by
means of photoconductivity. Importantly, photocurrent
enhances at the frequencies of LVMs due to both Hgc and
Dgc compared to the background current what unambigu-
ously identifies these features as Fano resonances with the
parameter ¢ — o0 (see Eq. (1)).

The assignment of the defect giving rise to the LVM at
3611cm ™" to the hydrogen shallow donor was made on the
basis of combined spectroscopic studies including IR absorp-
tion, Raman scattering, and photoluminescence measure-
ments.'? The photocurrent spectra presented in Fig. 2 lead us
to the conclusion that a clue about the electrical activity of
isolated hydrogen in ZnO could be obtained at much lower
cost simply by recording photoconductivity spectra in the
region typical for the LVMs of the defect.

The assignment of defects to shallow donors on the basis
of the LVM resonances occurring in photocurrent should be
done, however, with some care since the shape of these fea-
tures depends on its amount relative to other electrically
active defects available in a sample.

The best way to see this is in the case that both hydrogen
isotopes are present in the sample. Here, the LVM of Hpc is
decoupled (V =0, see Fig. 1) from the electronic transitions
of Dpc and vise versa. This implies that the resulting signal
at around 3611 (2668) cm ! is a combination of the photo-
current of the Hgc (Dpc) donors with a positive peak due to
Fano resonances with ¢ — 400 and the photocurrent gener-
ated by Dgc (Hpc) donors with a dip due to absorption at
Hgc (Dgc). The outcome is therefore a function of the ratio
between the two isotopes.

The bottom spectrum shown in Fig. 2 was obtained for
the Np,. : Np,. ratio of about 3:2, which was determined

J. Appl. Phys. 120, 055703 (2016)
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FIG. 4. Sections of photoconductivity (left) and IR transmission (right) spec-
tra taken at 7 < 10 K on vapor phase grown ZnO sample treated for 1h in
D, gas at 800 (top), 750 (mid), and 700 °C (bottom).

from the IR absorption peaks due to interstitial hydrogen and
deuterium.'? Here, intensities of the Fano resonances due to
Hpc and Dgc are significantly reduced compared to the cases
where only one isotope is present in the sample. Figure 3
presents photoconductivity (top) and IR transmission (bot-
tom) spectra of a ZnO sample where the ratio Np,. : Np,.
turned out to be 5:2. Here, both LVMs occur as dips in the
photoconductivity spectra. We conclude from here that in
order to get insight into the “true” shape of the Fano reso-
nance, the donor of interest should dominate the sample.

2. Concentration dependence

Figure 4 shows sections of photoconductivity and IR
transmission spectra taken on a ZnO sample treated in D, gas
at 800 (top), 750 (mid), and 700 °C (bottom). Similar results
were obtained for the samples treated with hydrogen. Due to
the somewhat better signal-to-noise ratio only the spectra
recorded for the deuterium-treated ZnO are presented.

The solubility limit of hydrogen/deuterium strongly
depends on a treatment conditions and enhances by approxi-
mately a factor of 2 if the temperature raises from 700 to
800°C."* This can be seen from the transmission spectra
given in the right panels of the figure. On the other hand,
photoconductivity spectra of the same samples presented in
the left panels of the figure indicate that the intensity of the
Fano resonance due to Dgc relative to the background signal
is not proportional to the concentration of these donors. Such
a behavior should be expected since contrary to IR absorp-
tion, the Fano resonance and the background photocurrent
have the same origin. We explain the reduction of the Fano
peak in the PC spectrum taken after the treatment at 800 °C
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FIG. 5. Sections of photoconductivity (top) and IR transmission (bottom)
spectra taken at 7 ~ 11 K on a ZnO sample treated for 1h in H, gas at
750°C. Sample thickness is 80 = 5 um (left) and 40 = 5 um (right).

by the formation of other vacancy-like donors, for example,
Do, which also takes place at elevated temperatures as ZnO
decomposes. The effect of such a formation should be simi-
lar to the one discussed above for the samples treated with
both H and D isotopes.

3. Sample thickness

An important advantage of the photoelectric spectros-
copy method compared with the absorption techniques is the
possibility of using the former at very low impurity concen-
trations since in contrast to the optical absorption, the photo-
electric signal does not decrease (within certain limits) with
decreasing impurity concentrations.” It follows from here
that photoelectric method of detection of LVMs of defects
can be successfully applied for thin films.

Figure 5 shows sections of photoconductivity (top) and
IR transmission (bottom) spectra of a ZnO sample hydroge-
nated at 750°C for 1h. Left spectra were obtained as the
sample thickness was 80 = 5 um, whereas the spectra in the
right panels of the figure were recorded after thinning it
down to 40 =5 um via etching in orthophosphoric acid at
room temperature. Sharp lines seen in the transmission spec-
tra are due to the residual water vapor in the spectrometer.

It is obvious from the figure that the amplitude of the
Fano peak due to the vibrational mode of bond-centered
hydrogen does not change significantly as the thickness of
the sample goes down to 40 um. On the other hand, LVM of
Hpc is hardly seen in the transmission spectrum. Fragility of
7ZnO has prevented us from thinning the sample further on.
Experiments on photoelectric spectroscopy are on the way in
order to test the limits of this method and to get insight into
the properties of semiconductor thin films grown on different
substrates.

J. Appl. Phys. 120, 055703 (2016)
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FIG. 6. Sections of photoconductivity (top) and IR transmission (bottom)
spectra taken at 7 < 10 K on a ZnO sample where the dominant donor is
substitutional Al.

4. Other defects

From the description of the method (see Fig. 1), it is
clear that photoconductive detection of local vibrational
modes is not restricted by electrically active defects. Figure
6 shows sections of photoconductivity (top) and IR transmis-
sion (bottom) spectra obtained for a ZnO sample where the
dominant donor is substitutional Al rather than interstitial
hydrogen. The two dominant lines at 3347 and 3374cm ™'
clearly seen in both spectra are due to the local vibrational
modes of a defect associated with a copper-dihydrogen com-
plex CuH,.'*' Interestingly, for both 3347 and 3374-cm '
LVMs the drop in the intensity relative to the background is
much stronger in the case of photoconductivity than that of
the IR transmission.

Theory predicts that CuH, acts as a shallow donor in
7Zn0.'® One may expect, therefore, that Fano resonances due
to the LVMs of this defect have a similar shape to those of
Hpc, ie., with ¢ — +0o0. On the other hand, copper-
dihydrogen complex is not the dominant donor in this sample
what probably affects the shape of these signals and does not
allow to confirm or rule out the conclusions of theory con-
cerning electrical activity of CuH,.

B. Rutile TiO,

Interstitial hydrogen in wide band gap oxides typically
acts either as an amphoteric impurity or as a donor.'17-1?
The latter is the case in two most common polymorphs of
TiO,, rutile and anatase. The structure of donors in these two
types of TiO, is, however, different revealing differences
between anatase and rutile in electrical, magnetic, and opti-
cal properties.”*>* Theory finds that electrons in rutile can
localize at a lattice Ti atom, forming a small polaron, which
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FIG. 7. Sections of photoconductivity spectra taken at T ~ 7 K on rutile
TiO, samples treated in the temperature range of 450-520°C for 1h in H,
(top), D, (mid), and H, + D, (bottom) gas.

hops to neighboring lattice sites, whereas in anatase electrons
prefer a delocalized state.”> > The latest IR absorption stud-
ies on anatase TiO, match the conclusions of theory.*®?’

Hydrogen in rutile TiO, forms a single dative bond to
oxygen and is located in the empty ¢ channel of the crys-
tal.”*° Some muon spin rotation (uSR) investigations pro-
vide an ionization energy of 5-20 meV for isolated hydrogen
donor in rutile.'”*! Other uSR, EPR, and IR absorption stud-
ies are in line with the conclusions of theory that the electron
associated with the neutral hydrogen center in rutile TiO, is
localized on a nearby Ti atom as a small polaron rather than
being delocalized as would be expected for a shallow effec-
tive-mass-theory donor.>*~’

Here, we address the issue of the electrical activity of
hydrogen in rutile TiO, by means of photoconductivity.
Figure 7 shows sections of photoconductivity spectra taken on
rutile TiO, samples treated in H, (top), D, (mid), and H, + D,
(bottom) gas in the temperature range of 450-520°C. The
treatments give rise to the features with the frequencies corre-
sponding to the LVMs of interstitial hydrogen and deuterium
at around 3290 and 2445 cm ™!, respectively.

It was recently shown that the LVM of hydrogen in
rutile consists of at least three modes which were assigned to
the positive (one) and the neutral (two) charge states of the
defect.” The modes due to the neutral charge state of the
donor were associated with the ground and excited states of
hydrogen in the c-channel of rutile. The intensity ratio
between the two charge states was found to be temperature-
dependent, whereby the full ionization took place at already
60 K. Based on this, it was concluded that isolated hydrogen
in rutile acts as a shallow donor.

After replacement of hydrogen with deuterium, the
LVMs of the ionized (DT) and the two neutral (Dg and DY)

J. Appl. Phys. 120, 055703 (2016)
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FIG. 8. Sections of photoconductivity (left) and IR absorption (right) spectra
taken at 7' ~ 7 K on rutile TiO, samples treated in the temperature range of
450-520°C for 1 h in D, (top) and H, + D, (bottom) gas.

charge states were found to have frequencies at 2445.0,
24457, and 2447.8 cm™ !, respectively. The latter can be seen
in more detail in Figure 8 which shows photoconductivity
(left) and IR absorption (right) spectra recorded for the sam-
ples treated in D, (top) and H, 4+ D, gas. Similar results were
obtained for the LVMs of interstitial hydrogen, which are not
presented here since the corresponding lines are significantly
broader than those of deuterium.

Figure 8 reveals that qualitatively PC and IR absorption
spectra are very similar which gives further support to the
assignment of Dg and D! (Hg and H?) modes to the neutral
charge state of the deuterium (hydrogen) donor. Note that if
both isotopes are simultaneously present in the sample, the
shape of the resonances differs from that of pure deuterium.
Similar to the case of hydrogen in ZnO, we explain this by
the combined effect of a positive Fano resonance resulting
from the deuterium donor and the reduction of photocurrent
due to the hydrogen donor.

The photoconductivity spectra obtained for hydroge-
nated rutile samples lead us to the conclusion that the behav-
ior of interstitial hydrogen in this oxide is similar to that of
in ZnO. In both materials, LVMs of hydrogen appear as
Fano resonances with ¢ — +00, which implies that hydro-
gen should be the main donor in the samples. This sets an
upper limit of 300 meV for the ionization energy of hydrogen
in rutile (see Fig. 1). The lowest frequency at which the pho-
tocurrent is detected in our setup occurs at around
1000cm ™!, which should further reduce the ionization
energy of the interstitial hydrogen to 120 meV.

This conclusion is not in line with first principles calcu-
lations predicting a small polaron rather than shallow-donor-
like behavior of an electron bound to the hydrogen donor in
rutile.”*** In order to explain the controversy between theory
and electrical measurements revealing delocalized free
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electron behavior, Janotti et al. proposed that there is an
energy barrier that confines an electron to its delocalized,
metastable state and keeps it from accessing the small
polaron regime at helium temperatures.®®°

This model, however, does not explain the thin structure
of the D° (HO) modes associated by Bekisli et al. with a small
polaron localized at three different nearby Ti sites around
interstitial hydrogen.*® Further theoretical and experimental
investigations are necessary to solve the controversy about
behavior of hydrogen in rutile TiO,.

IV. SUMMARY

Hydrogen-related defects in ZnO and rutile TiO, were
investigated by means of photoconductivity and IR absorp-
tion spectroscopy. It is shown that vibrational modes of inter-
stitial hydrogen in both semiconductors can be detected as
Fano resonances in photoconductivity spectra. Based on the
frequency of the resonances, it is concluded that under
experimental conditions employed in our study the apparent
ionization energy of the interstitial hydrogen donor in rutile
TiO, is less than 300 meV. It is demonstrated that photoelec-
tric spectroscopy can directly reveal a type of electrical
activity of defects resulting in local vibrational modes.
Moreover, this method of detection of LVMs is shown to be
preferential for the spectral regions inaccessible for the stan-
dard IR absorption spectroscopy and/or for semiconductor
thin films.
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APPENDIX: LOCAL MODES AS FANO RESONANCES

The results presented here imply that conclusions about
electrical activities of defects giving rise to the Fano resonan-
ces in the photoconductivity spectra due to the vibrational
modes critically depend on the parameter ¢ in Eq. (1). To get
insight into the shape of the Fano resonances due to a local
vibrational mode of an electrically active defect, we apply for-
malism proposed in Refs. 40 and 41.

First, we consider a simple system with two excited
states coupled by a matrix element V (see Fig. 9). The
unperturbed system has a ground state |g), an excited elec-
tronic state |e), and a LVM with the excited state |p). In
photoconductivity spectra, only transitions between the
ground state and the electronic state are detected with an
operator 7.

The Hamiltonian of this system is

E, V
(D e

Keeping in mind a problem of the electronic continuum,
the Green’s function operator can be introduced

J. Appl. Phys. 120, 055703 (2016)
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FIG. 9. System with an electronic |e) and vibronic |p) states coupled by a
matrix element V.

G(z) =

-V
E _Z>, (A2)

with z = E 4 i0". The trace of G is invariant with respect to
the basis functions

Tr(G) =Y (KI(H —2)' k) =

T kEk—E—iO+'

1 E,—:
(Ec —z)(E, —z) = V? ( -V

(A3)
The photoconductivity spectrum due to Hamiltonian
(A1) is given by

1) = 3 sT|a)*3(E, — E). (A4)
This expression can be rewritten as
I1(E) = <g|f(2 @) (al(E, —E))T|g>. (AS)
Expression in parenthesis can be represented as
3 laalotE, - £) =%1mi;p|i>G(z)(j|. (A6

Since only the |g) — |e) transition is not equal to zero, from
this expression, (A2), and (A5) we get

1 |(g|T|e)* (E, — 2)
1(E) = Im (Ee—2)(Ey—2) = V2

(A7)

We now come to the case of interaction of a sharp LVM
level |p) with an electronic continuum. We assume that each
level |e) in the continuum couples to the ground state with a
constant matrix element (g|T|e). In this case, Eq. (A7) can
be also employed if we replace

1 1
E,—z———, where g(z)=>)_ (A8)

g(2) —E, —z

is the unperturbed Green’s function for the electronic contin-
uum. The density of states is given by

p(E) = %Im [Tr(g)]- (A9)
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Its Hilbert transform is

p(E)
E-F

R(E) = PJ dE', (A10)

where P stands for “principal value.” With this modification
Eq. (A7) becomes

I(E) = |<g|f|€>lzp(E)(2E,, — E)?
[E, —E +V2R(E)]” + n2V4p(E)

7"

If we define

_E—E,—V’R(E) R(E)

V() and ¢ = 2p(E)’ (A11)

€

we get the Fano curves (cf. Eq. (1))

~ 2(6]+6)2

IE) = p(e)(eITle) 72 (A12)

with the linewidth I" and the additional shift Q

Wr/2 = nV?p(E), hQ = V’R(E). (A13)

Interestingly, the shape of the Fano curve (parameter ¢
in Eq. (A11)) turns out to be independent of the coupling V
between vibrational and electronic excitations and is deter-
mined solely by the properties of the host crystal. It follows
from here that if the donor/acceptor of interest dominates the
sample, the shape of the Fano resonances due to its LVMs
can be obtained a priori from the first principles theory. The
corresponding calculations are called for to verify this
conclusion.
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