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Hydrogen passivation effect in nitrogen-doped ZnO thin films
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The role of hydrogen in nitrogen-doped ZnO thin films was studied by Fourier transform infrared
(FTIR) absorption and modeled by first-principles calculations to understand the difficulty of doping
ZnO p-type with nitrogen. Nitrogen-doped ZnO films were fabricated by low-pressure
metal-organic chemical vapor depositiddOCVD). High levels of nitrogen incorporation were
observed, but the acceptor concentrations remained low. Theoretical analysis suggests there is a high
probability that N, and H" charged defects combine to form the neutral defect complexes, thereby
compensating the nitrogen-related acceptors. Calculated values of the vibrational frequencies of the
related infrared modes agree well with the measured spectra. Thus, we believe the difficulty of
achieving p-type doping in MOCVD-grown ZnO films is due, at least partially, to inadvertent
passivation by hydrogen. @005 American Institute of PhysidDOI: 10.1063/1.1886256

ZnO is a wide-band-gap~3.3 eV) semiconductor that conductors, but is always a donor in ZnO and, hence, can
has been used extensively in optoelectronic devices such @sssivate acceptors such a(sﬁ Here, using experimental
solar cells and surface acoustic wave devicéslowever, it measurements and theoretical calculations, we argue that hy-
has always been used asmitype semiconductor. It is rela- drogen and nitrogen interact strongly to form a neutral defect
tively straightforward to maken—t[}/é)e ZnO, but it is very complex, thereby reducing the maximum achievable hole
difficult to make p-type material’® There is considerable concentration.
commercial appeal in using ZnO to replace IlI-V semicon-  Nitrogen-doped ZnO thin films were grown using low-
ductors for various applications. In recent years, much efforpressure MOCVD with diethylzinEDEZn, (C,Hs),Zn] and
has been devoted to fabricatiryZnO, and there is now dilute NO gas(2 wt. % NO/Ar were used as precursors
substannal evidence that several groups have achieved thi;id nitroge as the carrier gas. The deposition temperature
goal 12 However, p-type material often has poor quality; it was 400 °C. Undoped films were made with DEZn and O
is characterized by low hole concentration and mobility, andyas. Corning 1737 glass substrates were used for most char-
tends to revert tm-type behavior over the course of months acterizations. For FTIR measurements, special-shaped Si
at room temperature. The origin of these problems is fasubstrates were used to enhance the signal intensity.
from being fully understood, and the results obtained from  The hydrogen and nitrogen concentrations were ana-
different groups appear to be rather inconsistent. lyzed using secondary-ion mass spectrosc@iS, Cam-

To date, the hole concentration achievedditype ZnO  eca IMS 5§ and x-ray photoelectron spectroscopyPS,
has been limited to #6-10 cm™3, with a resistivity of  Physical Electronics Model 56D0respectively. The electri-
102-1073 Q cm, using group V dopant$'*® However, cal properties were studied using Hall measureméBis-
such low resistivity has not been achieved in ZnO grown byRad Model HL5500. The N-H bond signatures were studied

metal-organic chemical vapor deposititMOCVD) with ni- using FTIR transmittance measurements at room
trogen doping. In MOCVD samples, typical carrier concen-temperaturé’

trations have been 16-10® cm3, although the concentra- The preliminary results from SIMS profiles on these
tion of nitrogen has been as h|gh as?1om 3> The  MOCVD-formed ZnO films indicate that the hydrogen level

reasons for the low carrier concentration are unclear. It coulds several orders higher than the background level and varies
be due to several reasor(4) only a small fraction of nitro-  with the DEZn flow rate. This suggests that the hydrogen in
gen can substitute for oxygéhlp) and become an acceptor. the films might originate from DEZn. The systematic analy-
(2) Np acceptors have a large ionization ener@.The Ny sis of the nitrogen concentration with fabrication variables
acceptors are compensated or passivated. Previous theoratias reported previousfy. The typical nitrogen concentration
cal study suggested that the |on|zat|on energy of the isolateth our ZnO:N samples is about 1-3 at %, corresponding to
No acceptor is largg~0.4 e\)."> However, other reports 0.87—2.60< 10?1 cm3,
have assigned the 0.16 eV level observed experimentally to The electronic properties of the film studied in this work
the Ny related acceptor levéf:*” The exact position of the are clearly divided into two groups. The undoped ZnO films
No level is, therefore, still under debate. deposited at 400 °C ane-type with an electron concentra-
Hydrogen, which is present in the Zn growth precursor.tion in the range of 1¥-10" cm™ and resistivity of about
could easily be incorporated in the ZnO film during its 1 ) cm. With nitrogen doping, the films become weakly
growth. Hydrogen is known to be amphoteric in most semi-p-type. The film resistivity is on the order of 1@ cm or
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FIG. 2. Calculated formation energy of an interstitial hydrogen, @ N
FIG. 1. FTIR absorbance spectra of undoggay dot andN-doped ZnO  (dashed linesand a Ny—H complex(solid line) as a function of electron
films (black dot obtained in the wave number range of 2800-3600'cm  Eermi energy, referencing to the top of the valence band maximum of ZnO.
The curve fitting for theN-doped sample provides 3 Gaussian pe@kéid  The dotted line shows the sum of the formation energies of an isolated
lines) located at 3410, 3020, and 2970 tmThe peak positions of the interstitial hydrogen and an isolated,NThe Zn-rich condition, M phase
C—H, LVM found from the undoped ZnO film are indicated on the top of precipitation limits(for nitrogen chemical potentigland H, phase precipi-
the plot. tation limits (for hydrogen chemical potentjalvere used in the calculations.

The slopes of the curves reflect the charge states of the defects.

higher. The carrier concentration is in the range of

10'*-10" cm™®, Compared to the nitrogen concentration in data. Our calculated result of 3194 chis about 143 crti
the order of 18! cm™3, the achieved carrier concentration is smaller than the experimental value of 3337 &A1 We as-
low. sume that this underestimation is systematic and that our
The FTIR absorbance spectra of undoped Birdoped  cajculated frequency for the N-H stretch modes in ZnO are
films in the wave number range 2500—4000 émvere stud- consistently lower by this amount.
ied. Several important local stretch modes, involving hydro- |nterstitial hydrogen is predicted to act exclusively as a
gen bonded to carbon, nitrogen, and oxygen, are located igonor in ZnO, i.e., always in the' tharge staté® Hydrogen
this spectral region. For undoped ZnO film, the IR spectrunyrefers four low-energy sites surrounding an O atom in the
(gray dots in Fig. 1is characterized by C—Habsorption yyyrtzte structuré® Our calculations, as well as those of Ref.
peaks around 2900 cthand a broad asymmetrical band 25 showed the bond-centéBC,)) site, parallel to the-axis,
around 3400 crt, most likely due to an O-H bond. With 1 pe the site with the lowest energy. Hydrogen at the other
incorporation of nitroger(black dots in Fig. 1, the broad {,ce sites has slightly higher energjo within about

asymmetrical band around 3400 thbecomes a narrower g 5 o) Only the lowest formation energy of this defect is
and more symmetrical peak at 3410 ¢mwhich could be used for the plot in Fig. 2.

duekto a Sur;aggomoogrﬁ of aln Cd)._H bcﬁ%d?tart?ermo;e, the Figure 2 shows the calculated formation energy of an

peaksfarour:j i 300(; [rr%ostk)]/. k:sappeglref_t. bnst.eg. ’.g n‘Ia""in'[erstitial H, a substitutional N(No), and the complex be-

peak formed a cm which ‘can beé Tit by individual . een the two(Np—H) as a function of the Fermi energy.

Gaussian peaks at 3020 and 2070'tmThe peak at The Fermi energy is referenced to the top of ZnO valence

2970 cm? is possibly due to the remaining C¢Honds, and band maximum?\)//BM) Over most of thep Fermi ener

the peak at 3020 cth is a new peak. We also performed : ; . 9y
Eange, the Iy is stable in a 1- charge-state, thus is attracted

FTIR measurements at a temperature of about 11 K in al the positively charaed H donor. The formation enerav of
attempt to resolve closely spaced peaks. For these measurg- P y 9 P : 9y
e neutral N—H complex(solid line) is lower in energy

ments, th mple was m red in the straight-through . ‘
ents, the sample was measured € sraig ough co an the sum of the formation energies of the individual de-

figuration, because a low temperature ATR holder was no . ;
available. Unfortunately, the films were very thin, the signal ects (dotted ling by 0.95 eV, that is, the neutral complex

to noise ratio suffered accordingly and an increase in resolf12S @ binding energy of 0.95 eV. An important consequence

tion was not found. Nevertheless, we observed peaks at simﬁ)—f this, for the interpretation of FTIR data, is that, in the

lar frequencies as in the room temperature case. presence of iy acceptors, hydrogen atoms will Fend to pas-
To understand the changes in the FTIR spectrum and thalvate the acceptorﬁ._e._, forml_ng N_.H bonds with i ac-
interaction between nitrogen and hydrogen in ZnO, we hav&ept°r$ instead of'eX|st|ng as interstitial donor(He., form-
calculated the formation energies of an interstitial hydroger"d ©-H bonds with host O atoms _
atom, a nitrogen acceptordNand a Ny—H complex. We | | The microscopic structure of Nin the (17) charge-stqte
performed first-principles calculations based on density funclS ilustrated in Fig. 8. Hydrogen can occupy four high-
tional theory with local density approximatioft.DA) and symme;ry sites surrou.ndlng the nitrogen atom, two BC and
ultrasoft pseudopotential as implemented in the VASPWO antibondsABy) [Fig. 3(b)]. We have examined all four
codes?® The definition of formation energy of a defect from Sites and identified the AR configuration to be the site with
first-principles calculations has been described in varioughe lowest formation energy. The relative formation energy,
publications*?® The theoretical calculation of possible local stretch-mode vibration frequency, and calculated
hydrogen-related local vibration frequency is performed fol-No—H bond distance for all four configurations are listed in
lowing the approach in Ref. 26, which properly includes theTable I. Again, only the formation energy of the lowest en-
anharmonic part of the vibrations. ergy configuratior(in this case, AlﬁL) is used in the plot of
To estimate the error in frequency caused by the compuFig. 2. From Table I, we can see that both f\Bonfigura-
tational approaclie.g., pseudopotentials and LIDAve cal- tions have similar §—H stretch-mode frequencies, with an
culated the symmetric stretch-mode frequency of a free amaverage value of 2927 cth Both BC configurations have

monia (NH3) molecule and compared it with experimental similar No—H stretch-mode frequencies with an average
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(a)

tected by SIMS analysis, which suggested the existence of
unintentional hydrogen doping of the films. Hall analysis in-
dicated weakp-type behavior, with hole concentrations in
the range 15-10" cm™. The absorption bands in the O-H
and C-H LVM spectral region partially disappeared and a
new IR absorption peak at 3020 thwas introduced as a
result of the nitrogen doping.

With first-principles calculations, we have assigned the
IR spectral features at 3020 chto No—H LVM at ABy
configuration. There is a strong tendency for hydrogen to
compensate nitrogen and form a neutrg]-NH defect com-
FIG. 3. (a) Atomic structure of the iy acceptor in ZnO in th¢l-) charge- plex, thus we be“ev.e th_IS could be an important Ca.‘use of the
state ar(ld)(b) possible hydrogen si?es surriounding the Bbf:epior in gihe low hole concentration in MOCVD-grown ZnO:N films.

(11-20 plane of wurtzite ZnO. The large white spheres are the Zn, the small The authors would like to thank James Keane for sample
white spheres are the O, and the small shaded spheres are the N atoms

(a), the bond lengths are given in terms of the percentage differences fror#_Peparatlon’ Craig Perkins for nitrogen Concen.trat!on ana_ly-

bulk ZnO bond. In(b), small solid circles represent the possible sites for SIS, and Matthew Young for SIMS characterization. This

hydrogen. work was supported by the U.S. Department of Energy under
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value of 3319 cmt, i.e., larger than the AB modes. To Was supported by the Thailand Research Fund under Con-

compare the calculated frequencies with those observed bt{/act No. BRGA4680003.

FTIR, we applleo_l the. systematlc_error of 143. ¢no the !A. E. Delahoy and M. Cherny, Mater. Res. Soc. Symp. PHR6, 467
calculated N-H vibration frequencies, thereby increasing the (199¢.
calculated values to 3070 and 3462 ¢énfor the ABy and 2J. Hu and R. G. Gordon, Sol. CelR30, 437 (1991).
BC modes, respectively. The 3070 ¢nABy mode is close  °C. R. Goria, N. W. Emanetoglu, S. Liang, W. E. Mayo, Y. Lu, M. Wra-
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in the N-doped sample, whereas the 3462 &hVM fallls ?éé]r']:;?agozni 3'3;2'\:)%20”’ K-lp. Y. W. Heo, and T. Steiner, J. Vac. Sci.
into the region that overlaps with O-H LVM. However, the 55 c. ook, Mater. Sci. Eng., BB80, 383 (2002.
calculation also reveals that the QBonfigurations are en-  °k. Minegishi, Y. Koiwai, Y. Kikuchi, K. Yano, M. Kasuga, and A.
ergetically more stable than the BC by about 0.2—0.3 eV._Shimizu, Jpn. J. Appl. Phys., Part36, L1453 (1997.
With this energy difference, the possibility of forming the ('\ié;‘;seph' H. Tabata, and T. Kawai, Jpn. J. Appl. Phys., P38, 1.1205
BC configuration is negligible. From the analysis above, Wesy g "k, s zhu, D. C. Look, J. M. Wrobel, H. M. Jeong, and H. W.
are therefore confident in assigning the observed absorptionwnite, J. Cryst. Growth216 330 (2000.
band at 3020 cnt to No—H in the ABy configuration. In °X.Li, Y. Yan, T. A. Gessert, C. Dehart, C. L. Perkins, D. Young, and T. J.
addition, the partially disappeared absorption bands aroungCoutts, Electrochem. Solid-State Lef, C56(2003.
3400 cr and 2900 i cased by nitrogen doping could X" C1%, L abaa ST el 3 Coct Crouas 158 200
be explained by the reduced quantity of hydrogen that bondsatanaka, Phys. Status SoI)i/di 9 911(2009. ' '
with oxygen and carbon due to the existing o§-N\H bonds.  2a. B. M. A. Ashrafi, I. Suemune, H. Kumano, and S. Tanaka, Jpn. J. Appl.
An additional test calculation using slightly different Phys., Part 141, L1281(2002. .

computational detailéusing pseudopotential as implemented gggﬂngjﬁf’;’:rf'g“' *:Y‘;r':‘ss'k Eé%%ase(‘;gga”wangv Jae-Hong Lim, and
in the FHI98 codes, similar to the calculations details used inug' S.gLi, v o Liu,pg. s %’hi’ b, 7 Shen. Y. M. Lu, J. Y. Zhang, X. W.
Ref. 26, instead of ultrasoft pseudopotendigield results in Fan, R. X. Mu, and D. O. Henderson, J. Mater. R&8, 8 (2003.
qualitative agreement with VASP calculations. For examples!*c. H. Park, S. B. Zhang, and Su-Huai Wei, Phys. Rev6& 073202
the ABy configuration is also found to be the site with the gOﬁZ-M Al 5. M. Hot W, Krieaseis. b. Forster. F

H H H H . K eyer, . Ves, . . FAotmann, . Kriegsels, D. Forster, r.
lowest formation ener_gy{the othe_r Slt_es are sllghtly hlgher Bertram, }]/ Chresten, A. Hoffmann, M. Strabburg, E/I Dworzak, U. Habo-
by about 0.2 ey with the vibrational frequency of  ¢o and A. V. Rodina, Phys. Status Solidi Bt1, 231 (2004.
3117 cm?, i.e., agrees to the VASP calculations to within YA, zeuner, H. Alves, D. M. Hofmann, B. K. Meyer, A. Hoffmann, U.
50 cnil. Haboeck, M. Strassburg, and M. Dworzak, Phys. Status SolidBg R7

In summary, we have performed composition, electronic,(2002- .
and FTIR characterization on MOCVD-grown ZnO thin 192 ﬁér\g:adeHWﬂlﬁéuigfﬁiS;?SSHSOII:'g}iEQAZPﬁ %?%2' Le@3 3354
films, with and without nitrogen doping. Hydrogen was de- (003, ’ ' o ' ’
2%B. M. Keyes, L. M. Gedvilas, X. Li, and T. J. Couttt be publishey

TABLE I. Calculated relative formation energy, N-H bond distance, and “X. Li, Y. Yan, T. A. Gessert, C. L. Perkins, D. Young, C. Dehart, and T. J.
vibration frequency for IN—H defect complex in four lowest-energy con- 22C0utts, J. Vac. Sci. Technol. 21, 1342(2003. .
figurations in wurtzite ZnOw® is the harmonic component of the vibrational E. V. Lavrov, J. Weber, F. Borrnert, C. G. Van de Walle, and R. Helbig,

frequencyAw is the anharmonic contribution, andis the total frequency: zggh)sr‘elzsg'aizea 1!§Sr2tgr575'2ul?gr2‘Comput Mater. S&i15 (1996

-, 0
w=w Ao 245 B. Zhang and J. E. Northrup, Phys. Rev. L&, 2339(1991).
_ A ~ - 3. Limpijumnong, S. B. Zhang, S.-H. Wei, and C. H. Park, Phys. Rev.
Site AE (eV)  dy_y (A) o® (cm?t)  Aw (cm™) w (cm™) Lett. 92, 155504(2004.
23, Limpijumnong, J. E. Northrup, and C. G. Van de Walle, Phys. Rev. B
ABNL 0.00 1.050 3144 -232 2912 68, 075206(2003.
ABy, 0.08 1.047 3173 —232 2941 2’ Limpijumnong, in Hydrogen in Semiconductgredited by N. H.
BC, 0.32 1.027 3395 -88 3307 Nickel, M. D. McCluskey, and S. B. Zhang, MRS Symp. Proc. No. 813
BC, 0.18 1.029 3478 -147 3331 (Materials Research Society, Pittsburgh, 2004 3.6.

2C. G. Van de Walle, Phys. Rev. Let85, 1012(2000.
Downloaded 31 Jan 2007 to 203.147.33.2. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



