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Photoinduced Crystallization of Amorphous Ice Films on Graphite
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We have experimentally discovered a new nonthermal mechanism by which submonolayer and
multilayer amorphous ice films, deposited7at< 100 K, crystallize due to UV radiation; the proposed
mechanism is that photoexcited charge carriers in the graphite substrate tunnel into defect states in
the amorphous film, and induce exothermic relaxation from the metastable amorphous to the stable
crystalline phase. [S0031-9007(98)07899-5]

PACS numbers: 68.35.Rh, 73.50.Gr, 82.50.Fv

The structure and structural transformations of thin icepor pressure of crystalline ice compared to amorphous ice.
films at <150 K currently receive high interest [1,2]. A (ii) Vibrational spectra by high-resolution electron energy
specific example [3—5] is the substrate-specific structuréoss spectroscopy (HREELS) reveal a higher coordination
and structural transformations of thin ice films on differentof water molecules, i.e., increasing average number of H
supports at 90-150 K: Ice grows amorphous in abonds per HO, after irradiation.
metastable phase below 100—-120 K and crystalline above Figure 1 shows thermal desorption spectra ofOH
130-140 K. Heating of the amorphous ice films tomolecules recorded before and after UV irradiation of
>130 K induces a weakly exothermic transition from ice films. The unirradiated ice exhibits a more com-
the amorphous to the crystalline phase (on graphite thplex desorption kinetics than the irradiated films. The
activation energy for this transition is about 0.4 eV). desorption peak at 138—142 K is attributed to low co-

Besides the general interest in the physics and chenordinated water molecules that form the first (2D) layer
istry of water [6,7], these studies are also motivated byand/or edge molecules of 3D clusters, while the sec-
the special role of ice films in ozone depletion chemistry,ond peak, with higher desorption energy (lower vapor
cometary science, and astrophysics [8,9]. For examplgressure), corresponds to molecules with higher coordi-
the structure state of ice influences both its chemical propaation in 3D clusters. Arrhenius analysis yields an en-
erties [10] and vapor pressure [11,12]. The latter in turrergy difference of 0.13 eV per molecule in the two peaks.
affects the mass balance between gaseous and solid w@his can with certain assumptions be interpreted as
ter. It is thus of central importance for both stratospherigche energy difference between the water-graphite and
chemistry and astrophysics [13] to understand at what
conditions ice films appear in different structural states,
and to unravel mechanisms that cause phase transforma-
tions between them.

We have discovered that low energy UV light
transforms amorphous ice films to high coordinated,
quasicrystalline ice. The model system is thin ice films
[0.1-10 monolayers (ML)] deposited around 90 K on
the graphite (0001) surface [highly oriented pyrolytic
graphite (HOPG)]. The experiments were performed in
an UHV chamber with base pressus2 X 107! torr.

The photon source was a Hg arc lamp system and a £
combination of bandpass and cutoff filters with photon
fluxes in the rangg(1.6-2.4) X 10'¢ photonscm? s™! ~

for 220—600 nm photons. The ice films were deposited 180 140 150 160 130 140 150 160
from an effusive source held at room temperature. For Temperature, K

details about the apparatus, sample preparation, i IG. 1. (A) Thermal desorption spectra of submonolaye®H

deposition, and coverage cgllbratlon, see Rellgs. [14-16]. depositions on a graphite (0001) surface (MS sign&l —

1 monolayer of ice is defined as$.15 X 10 H,O 1), with a linear heating rate of 0.05 K& The coverages

molecules cm?. are as followsy(a) 0.03, (b) 0.06,(c) 0.14,(d) 0.21, (e) 0.28,
The two experimental observations underlying the con{f) 0.37, (g) 0.46, and(h) 0.83 ML, deposited with rates

; ; i ati etween 0.004 and 0.012 MLs at 90 K. (B) TDS spectra
clusion that photons induce nonthermal crystallization oigf UV irradiated deposits,(a) 0.05, (5) 011, () 0.21,

initially amorphous ice at the graphite-ice interface are ;y g »g and(e) 0.41 ML. The total photon dose df2 X
as follows: (i) Thermal desorption spectra (TDS) revealjo!s photonscm?, A = 220-380 nm [16] is accumulated for

the structure transformation [3,4] through the lower va-300 s.
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the water-water bonds.) These observations support the Preliminary information about the wavelength depen-
Stranski-Krastanov growth mode of ice on graphite (00013ence was obtained by selecting three of the strongest Hg
as discussed earlier [14,15]. After UV irradiation the TDlines at 313, 365, and 440 nm with narré&vA < 10 nm)
spectra contain only the high temperature peak; i.e., thbandpass filters and using an ice coverage of 0.35 ML.
amount of (disordered) low coordinated® molecules Comparing the HREELS spectra taken after the same
has diminished. Neither photodesorbing water moleculedose of photons but with different energies, we found
nor any photodissociation products were detected due tthat 313 nm irradiation causes almost complete crystal-
the irradiation as monitored mass spectrometrically and biization while no measurable changes were registered after
HREELS, respectively. irradiation with 440 and 365 nm photons; i.e., there is a
HREELS provide additional evidence for the photon-threshold for the observed effect between 365 and 313 nm
induced structural transformation. Figure 2 shows(3.4—4 eV). The cross section increases rapidly with in-
vibrational spectra of KD molecules in the energy region creasing photon energy.
corresponding to the “frustrated” rotatiotws;) and trans- Similar structure transformations occur also for sev-
lations (»7), which are known to be sensitive to the®  eral monolayers thick fiims [19]. By measuring the
molecule’s coordination (number of H bonds) [17,18].amorphous and crystalline contributions in isothermal TD
The spectral changes are evidence that the avera@e H spectra [3] recorded before and after irradiation, for a
coordination increases due to irradiation. The appareriarge number of ice films of different thickness, we ob-
effect of UV irradiation on the HREEL spectra is similar tained the data in Figs. 3 and 4, summarized as follows:
to the effect of thermal annealing [14,15]. (i) The crystallization effect is linear in photon dose at low
doses: (ii) submonolayer coverages can be (almost) com-
pletely transformed into the crystalline phase, while multi-
layers show a saturation for accumulated deséxs-3) X
10" photons cm?; and (iii) the thickness dependence of
the photon-induced crystallization shows three distinct
regimes: (1) The effect of irradiation is strongest below
~0.5 ML (Fig. 4). Here the only limit for complete crys-
tallization into fully coordinated KO molecules is proba-
bly the limited average number of water molecules that
form a cluster; i.e., even if all molecules maximize the
coordination number there will still be a significant frac-
tion of edge or surface molecules with low coordination.
D (2) Photon-induced crystallization is also almost complete
for coverage up to 2.5 ML, but with a slower rate. (3) At
3-6.5 ML the effect is still significant, but successively
C diminishing with increasing thickness.
In our discussion we first note that ice (both amor-
B phous and crystalline) is transparent for visible and near
UV photons (see Fig. 5); the optical (electronic) absorp-
tion starts above 7 eV, and the first absorption maximum
A lies at 8.6 eV [20]. Substantial changes in the electronic
structure of the KO molecules adsorbed on the graphite
0 : : : : : surface are not likely [14]. Thus, a direct photon inter-
0 50 100 150 200 action with the ice layer is ruled out. Direct optical ex-
citation of HO vibrational overtones is also ruled out by
the wavelength dependence [21]. Thermal effects due to
FIG. 2. HREEL spectra of ice on graphite in the region ofthe cw incident photon flux were carefully measured and
collective modes. Primary electron energy 6.1 eV; speculafound negligible. A thermal mechanism is therefore re-
scattering at 60 Spectrad andB are taken from the same de- jected with strong confidence.

position of 0.76 ML. Spectrum is recorded directly after the ~ yye attripute the photon-induced crystallization to an
deposition and spectrurB after 100 s UV photon irradiation . . . . ) .
(total photon dos&.7 X 10'8 photonscm?). SpectraC and ~ indirect effect associated with the substrate: ~Creation

D are from a separate deposition (0.83 ML), taken after irradi-Of photoexcited charge carriers (electrons or holes) in
ation of the layer for 600 and 1200 s (accumulated photon dosthe graphite surface region is followed by scattering
1.65 X 10" and3.3 x 10" photonscm?, respectively). The against or into the ice layer. (In the following we

elastic peak belongs to spectrubin The spectra are recorded ; ;
at 89-90 K. The temperature rise during irradiation was Iessdlscuss only hot electrons [22]) The following facts

than 2 K. The dashed lines mark the positions of the Corresup_port _this _mechanism: (i) Elgctron scatte_ring against
sponding single modes of double, triple, and four coordinated®! INto Ice Is a strong dynam_lc perturbation capable
molecules [17,18,28,29]. of inducing structural reorientation of water molecules
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into the conduction band (CB) of ice followed by loss of
GH o 2.2 ML energy to vibrational-rotational modes. (iii) Electron in-
2 jection by tunneling to defect related bound stdteégO™)
ﬁ %} ------ %% in the ice band gap region, i.e., below the CB edge, induc-

N

ing nuclear motions.
An unambiguous discrimination of these mechanisms

e crystalline is not yet possible, but we favor (iii) with the following

e
T

1 % ----e---- amorphous arguments: Mechanism (i) is operational but with small
ﬁ } efficiency at the present conditions due to the cross section
% A % } [24]. Mechanism (ii) is less likely on energetic grounds:
T % """""""" % The CB edge of ice lies close to the vacuum level,
about 4-5 eV above the Fermi level (assuming weak
0 1 2 3 4 5 band bending), while we observe a threshold at 3.4—4 eV.
Photon dose x(10'° photons.cm™2) Since photoexcitations of graphite are strongly dominated
by direct, vertical transitions, the majority of the hot
carrier energies are%hw, i.e., at most 2 eV abover,
for photons around the threshold energy. This electron
energy is not enough to reach the CB. Only much less
probable indirect transitions could produce electrons of
sufficient energy. If injection of electrons into the CB

Crystal or Amorphous Phase (ML)

o

FIG. 3. Crystalline and amorphous ice contributions for
2.2 ML of ice deposited at 90 K on graphite as a function of
UV photon dose. The lines are drawn to guide the eye.

[23]. (i) The successive decline of the crystallization

as the ice films become thicker is strong evidence thafqre the mechanism, we would expect much thicker films

the per;urbation .causing crystal'l.i_zation.comes frqm the, photocrystallize since at energies above the CB edge
underlying graphite substrate. (iii) Previous work in our g« is no tunneling depth restriction.
group has demonstrated the importance of such electrons |, mechanism (i) we take into account that the ice

in photodesorption of potassium atoms from graphite [16]1ayer in the amorphous state is defect rich and will

. The (phot(_))electron source under photon irrad_iatiorh(,jwe diffuse CB and VB edges reminding us of the
is the graphite substrate. Strong optical absorption 0Ly ation in amorphous semiconductors. Just below the
graphite begins around 3 eV and has a first maximum &g eqge there will be numerous electron trap states

4.8 eV (248 nm) due to "vertical7-7" interband transi-  ,sqqciated with different #0 (H,0O~) configurations. A
tions. There are essentially three mechanisms by Wh'CEhotoexcited graphite electron, with eneréfjw above

these electrons can induce structural transformations i © that reaches the graphite surface can tunnel into
fche ice layer (Fig. 5)'. They.are_all base_:d on eleCt.ron'these defect states, forming a local and temporayf® H
induced nuclear motions (V|bratlon-rotatlon-translatlon)[22 25]. The electron attachment creates a perturbation
of the H,bO molecules: (i) Inelastic electron scattering ;,, ~

) S A ) _ +e — - ich i i
against the graphite-ice interface, as in dipole field eXC|ta(H2O ¢ H,07) which induces a nuclear motion

: . ) X . (vibrational/rotational excitation) within the local H-
tions in a HREELS experiment, b..Ut with hot '”ter_”f?" el.ec'bonded network, causing a reorientation to form a new
trons below the vacuum level. (ii) Hot electron injection

Fraction of Crystalline Phase

0.2 |
Fjﬁ . D(E) D(E)
o F . . . : : . Graphite Ice

0 1 2 3 4 5 6

Coverage, ML FIG. 5. Schematic energy diagram representation of ice,
graphite, and the proposed mechanism for photon-induced

FIG. 4. Fraction of crystalline phase in ice films of different crystallization. (1) Photoexcitation of hot electron-hole pairs
thickness on the graphite surface without (open symbols) anth graphite bulk; (2) tunneling of the electrons into unoccupied
after (solid symbols) UV irradiation; photon dose.28 *+ defect states; (3) vibrational/rotational excitation and reorienta-
0.15) X 10" photonscm? for each data point. The solid line tion induced by electron attachment; (4) return of the electron
is an exponential fit; the dashed line is drawn to guide the eyeto the graphite CB. Analogous processes can occur for holes.
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