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Zinc oxide and its anion: A negative ion photoelectron spectroscopic study
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We have recorded, assigned, and analyzed the photoelectron spectrum of Zh®© adiabatic
electron affinity (E.A,) of ZnO and the vibrational frequencies of both ZnO and Zn@ere
determined directly from the spectrum, with a Franck—Condon analysis of its vibrational profile
providing additional refinements to these parameters along with structural information. As a re-
sult, we found that E.A(ZnO)=2.088+0.010 eV, we(Zn0O)=805+40 cm !, w,(ZnO")=625

+40 cm %, and thatr ,(ZnO)>r(Zn0O) by 0.07 A. Since our measured value of E(ZnO) is

0.63 eV larger than the literature value of EH®), it was also evident, through a thermochemical
cycle, thatDy(ZnO™)>D(ZnO) by 0.63 eV. This, together with the literature valuebgf{ZnO),

gives a value foDy(ZnO™) of 2.24 eV. Since the extra electron in Zn@ expected to occupy an
antibonding orbital, the combination 0Dy(ZnO")>Dy(Zn0), w.(Zn0")<w(ZnO), and
ro(ZnO7)>r¢(ZnO) was initially puzzling. An explanation was provided by the calculations of
Bauschlicher and Partridge, which are presented in the accompanying paper. Their work showed
that our experimental findings can be understood in terms oé tHé state of ZnO dissociating to

its ground-state atoms, while tie'2 * state of ZnO formally dissociates to a higher energy atomic
asymptote. ©1998 American Institute of Physid$$0021-9608)01843-]

INTRODUCTION upper limit of 2.3 eV forDy(ZnO). In addition to the fore-
going work, Prochaska and Andref¥slso conducted matrix
Bulk zinc oxide is an-type, large band gap semiconduc- jsplation studies of ZnO in nitrogen, determining the vibra-
tor, and it finds uses in pigments, CatalyStS, and tOpical medhona| frequency for ZnO in the matrix environme('aOS_G
cines. While considerable empirical informattohis avail- cm™ %, average value over Zn isotopes
able about zinc oxide as a solid and even about zinc oxide Here, we present results from our negative ion photo-

nanoparticles, somewhat less is known about the propertiegectron spectroscopic study of ZnOMuch of the informa-
of individual ZnO molecules, impeding progress in modelingtion provided by such experiments pertains not only to the
the materials properties of zinc oxide. Nevertheless, severgnjon, but also to its corresponding neutral at the geometry
studies have been conducted on molecular zinc oxide ovesf the anion. Assignment of the vibronic features in the pho-
the years. Much of the experimental work has focused on thgyelectron spectrum led not only to the determination of the
sublimation and thermodynamic properties of zinc oxide. Inadiabatic electron affinity for ZnO, E.AZnO), but also to
1951, Brewer and Mastiékfound that zinc oxide sublimes the vibrational frequencies of both ZnO and Znf the gas
by decomposition to its elements, and in 1953, Brévesr phase. The measured value of E{&nO), together with
timated an upper limit of 3.9 eV for the heat of dissociation|jterature values oD,(ZnO) and E.AO), led, through a
of ZnO. There followed several studies of the unusual sublithermochemical cycle, td(ZnO”). A Franck—Condon
mation behavior of zinc oxid®:° Then, in 1964, Anthrop analysis of the spectrum gave the change in bond length
and Searc¥ utilized high-temperature mass spectrometry topetween ZnO and ZnQ as well as further refinements to
set an upper limit of 2.86 eV for the dissociation energy ofthe vibrational frequencies of ZnO and ZAOIn addition,
Zn0O, Do(ZnO), even though they did not actually observe complementary electronic structure calculations on ZnO and
the zinc oxide parent ion. Next, in 1983, Wick@roposed a  znO~ were conducted by Bauschlicher and Partritigend
lower limit of 2.8 eV for Do(ZnO) based on his ZANO  their work, which played a key role in the interpretation of
chemiluminescence measurements. Both prior and subsguyr results, is presented in the accompanying paper. Prior to
quent theoretical studies, however, all gave results fothjs collaborative effort, neither experimental nor theoretical
Do(ZnO) which were well below this valu€'’ More re-  studies had been conducted on the zinc oxide anion, ZnO
cently, in 1991, the issue of the dissociation energy of ZnO
was revisited by Armentrout and co-workéfsGas-phase EXPERIMENT
thermochemical information, includin®,(Zn0O), was ex- o )
tracted from guided ion beam mass spectrometric studies of Vegative ion photoelectron spectroscopy is conducted by
the zn* and NG reaction. Their value oDo(Zn0O) was crossing a mass-selected beam of negative ions with a fixed-
1.61+0.04 eV. Since then, Watson and co-workrasing frequency photon beam and. energy analyzing the resultant
high-temperature mass spectrometric techniques, have set Biotodetached electrons. This is a direct approach for deter-
mining electron binding energi€¢EBE), relying as it does on

the relationship
dAuthor to whom correspondence should be addressed. Electronic mail:
kitbowen@jhunix.hcf.jhu.edu hy=EBE+KE,, 1)
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in which hv is the photon energy, aridE, is the measured Electron Binding Energy (eV)
electron kinetic energy. Our apparatubas been described 2.5 2.0 1.5 1.0 0.5 0.0
in detail previously. The photoelectron spectrum of ZnO S T T
was calibrated against the well-known photoelectron spectra \ 7nO
of K~ and O and was recorded at an electron energy ana-

lyzer resolution of 23 meV, using both the 488.0 (21540 X '=0)— X'Z(v=0)
eV) and 457.9 nm(2.707 eV lines of an argon ion laser.
Switching the photon energy from one to the other caused no
apparent change in the observed spectfatactron intensity

Photoelectron Counts

vs EBE. hv
Zinc oxide anions were generated in this experiment us-

ing a “pick-up” version of our hot, supersonic expansion ﬂ\\. l

ion source?? Because bulk zinc oxide decomposes upon be-

ing heated to temperatures at which it vaporizes, thermal o5 o5 10 . 15 20 . a5 30

evaporation of solid ZnO samples is not a suitable method
for getting ZnO molecules into the gas phase, and no doubt,
this state of affairs has impeded the experimental study OfIG. 1. The photoelectron spectrum of Zn@scorded with 2.707 eV pho-
molecular ZnO in the past. Our pick-up ion source circum-tons.

vented this problem by preparing Zn0On the partially ion-

ized gaseous environment just outside the nozzle of th.ﬁon (indicated in both Figs. 1 and & equal to the value of

tsr$ urcte. Th't.s washacct? mphshe(fj t?]y evaporatl?%szgngcmetal 'the adiabatic electron affinity, and for ZnO, we have deter-
e stagnation chambeoven of the source a , BX ined E.A, to be 2.088 eV.

panding it through a 12%m dia nozzle orifice @700 °Q The relationship between the E£ZnO), E.A(O)

¥|\"th) 200_3|(|)O Torr tOf fargotn, tﬁnd addlr(gla ar(}etfflljswet Dy(Zn0O), and Dy(ZnO™), where Dy(ZnO") pertains to
ow) a smaf amount o bD to € region immediately out- 7,4~ dissociating into Zn{S) + O~ (?P), is
side the nozzle via a separate pick-up line. In this same re-

gion, anions were formed by injection of electrons from a  E.A.4(ZnO)—E.A.(O)=Dy(Zn0O ) —Dy(ZnO). 2

thoriated iridium filament directly into the expanding jet in Having determined E.A(ZnO) to be 2.088 eV and knowing
the presence of an axial magnetic field. Typically, the f”a'the literature valu@ of E.A.(O) to be 1.46 eV, it is clear

ment was biased at 75 V relative to the stagnation cham- from our data alone thddo(ZnO~)>D4(ZnO) by 0.63 eV.
ber, giving an emission current 6§10 mA. The stagnation Armentrout's experimental valt® of 1.61+0.04 eV for

chamber itself was floated at500 V, i.e., the beam energy. p,/7,0) js in excellent agreement with Bauschlicher and
Under these conditions, this ion source provided 20—-30 PAb,trigge’s very recent, high level computational vafuef

of ZnO™ ion current in the ion—photon interaction region of 1.63 eV, further supporting the reliability of his measure-
the spectrometer. ment. Using 1.61 eV foDy(ZnO) in Eq.(2), gives a value
for Do(ZnO™) of 2.24 eV. At first sight, our finding that
Do(ZnO7)>Dy(ZnO) is surprising, since the excess elec-

Because of its closed-shell electronic structure, zinc
stands apart from the other first row transition metals. It
bonds primarily through its ¢ and 4p orbitals, leaving its
3d subshell largely unengaged and making it more analo-
gous to the alkaline earth metals than to other transition met-
als. Thus, just as in the cases of MgO and CaO, ZnO is
expected to have ¥ * ground staté*!’ The ground state of
ZnO~, on the other hand, is expected to #&*, with its
extra electron having gone into an antibonding orbital.

The photoelectron spectrum of ZnQecorded with the
457.9 nm(2.707 eV line of an argon ion laser is presented
in Fig. 1. We attribute the observed vibronic profile primarily
to ZnO (X 22 *:0")—ZnO(X 13 :v") transitions. The vi-
brational spacings observed toward the high EBE side of this
profile compare well with the literature vaRfdor the vibra- ~ Luwu Lo Lsstiin Lissu Luasiss TP PO PPN Lssisas i
tional frequency of neutral ZnO, while the lone, distinct vi- ‘
brational spacing observed on its low EBE side is somewhat Electron Binding Energy (¢V)
smaller. Given that the vibrational frequency of Zn@ ex-
pected to be significantly less than that of ZnO, and that hof!G- 2. The measure@iots and the simulate@smooth tracgphotoelectron

spectra of ZnO. Spectral assignments are indicated a$,{’) for the

bands appear most prominently on the low EBE side of Vl_transitions ZnO(X 22 *,0")—ZnOX 13" ,v’). A vertical arrow marks

bronic prOf”eS_a the assignment of this spectrum is Strf’ﬂightrhe suspected origin of transitions from the?S ™ state of ZnO to the
forward (see Fig. 2 The EBE of the {("=0,v’'=0) transi-  exciteda *II state of ZnO.

Electron Kinetic Energy (eV)
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tron in ZnO™ is thought to reside in an antibonding orbital of TABLE |. Results of the Franck—Condon analysis of the photoelectron
ZnO. This dilemma is explained, however, both in the g Spectrum of zno.
companying paper by Bauschlicher and Partrfdgend in wecm™)  Dy(eV)  ry(A) To(eV)
the Discussion section below.

Franck—Condon analysis of the ZnOphotoelectron

X 23% (ZnO™) expt. 625400 2.245) 1.78715¢ —2.08§10)

. X,23* (znO™) calc? 675  2.20 1.764 —-2.03
spectrum corroborated our assignment of the spectrum angiy + (ZnO) expt. 80R40)  1.614)° 0
provided values for several molecular constants. This analyx s+ (zno) calc? 731 1.63 1.719 0
sis was conducted using a program developed by Ervin ana Il (zZnO) expt. 1.36° 0.25
Lineberge”*? It models both anion and neutral electronic 2 °IT (Zn0) calc® 573 1.38 1.857 0.26

potential curves as Morse oscillators. Experimental deterMia torence 17(The calculated 311—x 13 -
nations of the vibrational frequency of Zn@¢(ZnO), were  PReference 18.

available both from the peak spacings in our spectrum anfJsingD,=1.61 eV andT,=0.25eV.
from the matrix study by Andrew®. The spectral simulation ‘Relative to the calculated value of 1719 A for Zn®'S". Ar,
was run using both numbers and was found to converge to=+0'O7A'

the same value. The hot band vibrational spacing observed

on the Io_w E!3E side of the spectrum served as initial inp“tespecially the shoulder just to the righo the low EBE sidg
for the vibrational frequency of ZnQ Because there were ot the arrow in the actual spectrum. It is not duplicated in the
no values available fomexe, these were estimated for both gjmjated spectrum. Notice in addition that the vibrational

the neutral and the anion from analogous molecules. Sincgatyres to the lefto the high EBE sideof the arrow are
ZnO should have similar bonding to the alkaline earth metal s fit poorly, not only in height, but in position as well.

oxides, the anharmonicity of Ca(.8 cm ") was used 10 \hile these observations are not definitive, they may indi-
estimate wexe In Zn0O. The anharmonicity of Ga@.24  (ate the presence of weak intensity, photodetachment transi-
cm ) was used to estimateex, in ZnO", since Gal is tions to the’ll state of ZnO. Based on the possibility that we
isoelectronic with ZnO and close in mass. The intensity and have indeed observed these transitions, we have tabulated
spectral position of th€0,0) transition was measur.ed dlrgctly values ofT, and Dy, for this state in Table I.
from the photoelectron spectrum. During the simulation of
the spectrum, the vibrational frequencies of the anion an
neutral, the vibrational temperatumg, of the anion, and the %BCUSSlON
full-width-half-maximum of the peaks were allowed to vary. Among the experimental findings of this work are the
The best fit to the spectrum is shown in Fig. 2, along withinequalities:D4(Zn0O™)>D(Zn0), w(ZNO )< w(Zn0),
our assignments. Refine@est fi) vibrational frequencies andr (ZnO™)>r(Zn0). At first glance, the first of these
coming from this analysis were,(ZnO)=805+40cm !  seems inconsistent with the others, since it says that the
and we(Zn0O~) =625+ 40 cm L. This value forws(Zn0) is  ZnO™ bond is stronger than the ZnO bond, while the second
the first gas-phase determination of the vibrational frequencgnd third inequalities imply the opposite. Most reasonable
of ZnO. The vibrational temperature converged~600 K,  electronic structure arguments envision the addition of an
roughly the temperature of the stagnation chamber of thextra electron to the lowest energy antibonding orbital of
source. This analysis also provided the change in the bondnO to form ZnO, implying a weaker bond, a smaller vi-
length () of ZnO compared with ZnO, i.e., Ar,. The brational frequency, and a longer bond length for Zn@an
Franck—Condon analysis of our spectrum alone found théor ZnO. In light of this, it is the stronger bond in ZnQhan
ZnO™ bond to be 0.07 A longer than the bond in ZnO, i.e.,in ZnO that is the anomaly.
Aro,=+0.07 A. Using the calculated value of(ZnO) from An understanding of these initially perplexing results
the work of Bauschlicher and Partriddeimplies that springs from a detailed examination of the bonding in neutral
re(Zn07)=1.79 A. The molecular constants derived from ZnO. This is provided by Bauschlicher and Partritigm
this analysis are summarized in Table |, along with theirtheir accompanying theoretical paper on ZnO and ZnO
calculated values from the work of Bauschlicher andThere, they reconcile our seemingly contradictory experi-
Partridget’ mental results, while at the same time confirming them. Con-
Like the alkaline earth oxides, ZnO is expected to have aider, as they did, th& * and the’II states of neutral ZnO
311 first excited state. Unlike the alkaline earth oxides, how-and the separated atom states to which they dissociate. Their
ever, the’ll state in ZnO is predicted to be quite low lying. work shows that théll state dissociates into the ground-
Recent calculations by Bauschlicher and Partritigpre-  state atoms, Zi) + O(°P), while the 'S " state formally
sented in the companion paper, put #e state of ZnO just dissociates into ZiG)+ O(*D), 1.97 eV in energy above
0.26 eV above itsX '>* state. This implies that photode- the zZn(S)+O(®P) asymptote. Even though thdl state
tachment transitions to th&l state of ZnO should be ob- dissociates to its ground-state atoms, however, it is not the
servable within our experimental energy window, their ori-ground state of ZnO. Their calculations show that the
gin starting at an EBE of 2.35 eV and extending to higherpotential-energy curve dips below tR&l curve in energy,
EBE. This predictedorigin) point in the spectrum is marked making the'S " state the ground state of ZnO. They explain
with an arrow in Fig. 2. While most of the features in the the depth of theX 13 curve as being due to a strong con-
photoelectron spectrum of ZnCiit the simulated spectrum tribution from the heterolyti® 3 * state. This state corre-
rather well, the fit near the arrow is relatively poor. Notice lates to the Zr-(?S)+ O™ (°P) asymptote, located-6 eV

splitting is T¢ not Ty.)
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FIG. 3. The potential-energy curves for tHéX " anda °II states of ZnO 1\, Hirschwald, inCurrent Topics in Materials Scienc¥ol. 6, edited by
along with that for thex 23, * state of ZnO, all modeled as Morse poten- E. Kaldis (North Holland, Amsterdam, 1980pp. 109—194.

tials using parameters from the work of Bauschlicher and PartrigRyef. 2M. S. Chandrasekharaiah, Fhe Characterization of High-Temperature
17) Vapors edited by J. L. MargravéWiley, New York, 1967, pp. 495-500.
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of ZnO to the Zn{S) + O(®P) asymptote. Referenced to that (19gg,

asymptote, Armentrout’s value fdy(ZnO) remains valid, M. Dolg, U. Wedig, H. Stoll, and H. Preuss, J. Chem. Pt86. 2123
and thus, so is our value f@,(ZnO~). Referring to Fig. 3, (1987. , o o N
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