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Infrared spectroscopy of hydrogen in ZnO
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Zinc oxide (ZnO) is a wide-band gap semiconductor that has attracted tremendous interest for
optical, electronic, and mechanical applications. First-principles calculatioN<bhys. Van de

Walle, Phys. Rev. LetB5, 1012(2000 ] have predicted that hydrogen impurities in ZnO are shallow
donors. In order to determine the microscopic structure of hydrogen donors, we have used IR
spectroscopy to measure local vibrational modes in ZnO annealed in hydrogen gas. An oxygen—
hydrogen stretch mode is observed at 3326.3 tat a temperature of 8 K, in good agreement with

the theoretical predictions for hydrogen in an antibonding configuration. The results of this study
suggest that hydrogen annealing may be a practical method for contretigzt doping of ZnO.

© 2002 American Institute of Physic§DOI: 10.1063/1.1520703

Zinc oxide(ZnO) is a wide-band gap semiconductor that that instrumental broadening did not affect the measured
has attracted tremendous interest as a blue light emittingeak widths.
material® a substrate for GaN-based deviesnd a trans- IR absorption spectra were obtained for an undoped,
parent conductdrin solar cells®® ZnO has large piezoelec- single-crystal ZnO sample. The sample was cut into a cylin-
tric constant$, making it a useful transducer matefidbr  drical shape, with a diameter of 9.7 mm and a length of 6.0
applications in microelectrical-mechanical systems. Asmm. Unpolarized IR light traveled along the length gxis)
grown, ZnO is almost always type. While many research- of the cylinder. Spectra were taken of this sample at room
ers have attributed the-type conductivity to native defects, temperaturéFig. 1). The sample was then sealed in a quartz
recent theoretical work has demonstrated that hydrogen is @anpoule with3 atm H, gas. The ampoule was placed in a
shallow donor in Zn&that may be introduced into the bulk horizontal furnace and annealed at a temperature of 700 °C
during growth or processingExperimental results on muo- for a duration of 120 h. According to the experimental work
nium in ZnA° and electron nuclear double resonance mea-
surements on nominally undoped ZHMave supported the
claim that hydrogen is a shallow donor. In order to determine 0.4
the microscopic structure of hydrogen donors, we have used ()
IR spectroscopy to measure the local vibrational modes
(LVMs) arising from these complexes. By comparing with 03
ab initio calculationd we can propose a model for O—H
complexes in ZnO.

Mid-IR absorption spectra were obtained with a Bomem
DA8 vacuum Fourier transform spectrometer with a KBr

beamsplitter. Samples were measured at room temperature -
(300 K) and liquid-helium temperature§-9 K). For the o

0.2F ) ]

Absorbance

room temperature measurements, a mercury—cadmium-— (b)

telluride detector was used. For the liquid helium measure- — e ]
ments, the samples were placed in a Janis STVP continuous- @

flow liquid-helium cryostat with wedged ZnSe windows, and 00 =300 3320 3340 3360 3380

an InSb detectdf was used. The spectral range was 500—
5000 cm * and the instrumental resolution was 0.5—2¢m

Spectra were taken at several different resolutions to ensuiRG. 1. Room-temperature IR absorption spectra of a 6-mm-thick ZnO
sample(a) as grown andb) after annealing in hydrogen gas. The annealed
sample was then polished to thicknessegcp#.3, (d) 3.0, and(e) 1.7 mm.
dElectronic mail: mattmcc@wsu.edu Spectra are offset vertically for clarity.

Wave numbers {(cm™)
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FIG. 2. IA of the O—H LVM in ZnO, as a function of sample thickness. FIG. 3. IR absorption spectra of the O—H LVM in ZnO at a temperature of
8 K. The propagation of IR light was parallel to tkeaxis (klic) and per-

pendicular to the axis (kLc). Spectra are offset vertically for clarity.
of Thomas and Landérthese annealing conditions should

result in a diffusion length of 6 mm, which is enough for decorated oxygen vacancies. Therefore, our estimate for the
hydrogen to diffuse through the bulk of our sample. Follow-coefficient (2x 10718) should be regarded as a lower bound.
ing the annealing treatment, the ampoule was quenched to  For the 1.7-mm-thick sample, the O—H LVM was ob-
room temperature by immersion in water. The sampleserved at liquid-helium temperaturé@ig. 3). At a tempera-
showed some decomposition in the form of pits on the surtyre of 8 K, the peak has a frequency of 3326.3 ¢énand a
face, presumably due to reduction of ZnO by hydrogen. InfwwHM of 0.7 cni t. The shift in frequency and narrowing
spite of the surface damage, the transmitted IR intensity wagf the linewidth upon cooling to liquid-helium temperatures
sufficient for the measurements in this study. are consistent with the observed behavior of hydrogen LVMs
IR spectra of ZnO annealed in hydrogen are shown iNn numerous compound semiconductrdwo sample ge-
Fig. 1. At room temperature, an IR absorption peak is obpmetries were used, in which light propagated parallel to the
served at 3336.8 Cﬁ'}, with a full width at half maximum c axis (k”c) and perpendicu|ar to the axis (kic) No new
(FWHM) of 8 cm™*. The relatively high noise level in the peaks were observed férlc, suggesting that there are no
spectrum for the 6-mm-thick annealed samiiey. 1(b)] is  complexes with dipoles aligned along thexis. The ratio of
consistent with strong free-carrier absorption, which wouldihe peak intensities is(kL c)/I (klic)=0.8. If one assumes

be expected if hydrogen is a donor impurity. The observedhat all the dipoles are oriented with an angleo thec axis,
frequency of 3336.8 cm' is similar to the LVM frequencies then the classical intensity ratio is given by

arising from O—H complexes in GaAs, which have a stretch-

mode frequency of 3300 cm at liquid-helium (kL o)/1(Kllc)=1/2+cof 6. @)
temperatureé? Hence, it is reasonable to assign our IR ab-From Eq.(2), we derive #=119°, which is slightly larger
sorption peak to the stretch mode of O—H complexes in ZnOthan the tetrahedral angbe=109°. Given the uncertainties in

In order to reduce the free-carrier background and théhe measurement, and the fact that the light is not perfectly
surface damage, the sample was successively polished ¢llimated, our results are consistent with the tetrahedral
thicknesses of 4.3, 3.0, and 1.7 mm. After each polishingangle.
step, room-temperature IR spectra were obtained. As shown The LVM frequency of 3326.3 cit is consistent with
in Fig. 1, the intensity of the IR absorption peak decreased age first-principles calculations of Van de Wafldn that
the sample thickness was reduced. The integrated absorbangerk, the calculated O—H stretch-mode frequencies were
(IA) is defined as 3680 and 3550 cmt' for the bond-centered and antibonding

configurations, respectively, in the harmonic approximation.

IAzf a(v)dv B In order to estimate the effect of anharmonicity, we note that

' for diatomic OH molecules in the gas phase, the anharmonic

terms in the potential cause the stretch-mode frequency to

wherea(v) is the absorption coefficient (cm) and v is the  shift downward by 166 cm®.'® Subtracting that shift from
LVM frequency in wave numbers (cnt). The IA for the the calculated frequency for the antibonding O—H complex
O-H LVM, at room temperature, is plotted in Fig. 2. The yields a frequency of 3384 cnt, in reasonable agreement
decrease in IA as the sample is thinned indicates that thevith our observatiori3326.3 cm!). The actual anharmonic-
hydrogen concentration near the surface is slightly greateity may be different from our estimate, however, so the bond-
than that in the bulk. centered configuration cannot be ruled out.

According to Thomas and Land&the solubility of hy- To further investigate the IR spectrum of hydrogen in
drogen for our annealing conditions is<4.0'" atoms/cm. ZnO, a thin(0.5 mm sample was annealed in deuterium gas
If all the hydrogen atoms formed O—H complexes, then ouat a temperature of 700 °C for 2 h. The low thickness of the
results yield an integrated absorbance given by IA{cm sample allowed us to measure the free-carrier absorption
~2x10 ®N(cm™?), whereN is the concentration of O—H over a large wavelength range. The room-temperature IR ab-
complexes. However, some hydrogen atoms may be presesorption spectrum of the annealed sample is shown in Fig. 4.

in other configurations, such as, Holecules or hydrogen- The spectrum of an as-grown sample was used as the refer-
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The results of this study suggest that hydrogen annealing
may be a practical method for controlledtype doping of
Zn0.
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