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Theoretical study of water adsorption on the G100 surface
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We present first-principles density-functional calculations for the adsorption of water on the0Gsurface.
The dissociation of water molecules into OH and H species is energetically favored over the molecular
adsorption, where O forms a bond to the down atom of the Ge dimer, similar to the cas&0g).Silowever,
on G&100) the energy barrier for water dissociation is calculated te-18e49 eV, which is significantly larger
than our previous valu€0.15 e\j on S(100. Since the molecular adsorption on (G@0) has a relatively
smaller adsorption energy of 0.33 eV compared to tBei7 e\) on Si(100), adsorbed water molecules on
Ge100 prefer desorption rather than dissociation upon being thermally activated. This result provides an
explanation for the experimental observations o1i186), where water does not stick easily at room tempera-
ture.
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The interaction of water and ammonia molecules with In this paper, using first-principles density-functional
semiconductor surfaces is of considerable interest because thfeory calculations, we study not only the structural and
the importance of oxidation and nitridation in semiconductorbonding properties of adsorbed water on(T3) for cover-
device technology. During the last two decades, the singleages ofg = 0.25 and 0.5 ML(half coverage is defined as one
crystal surfaces of silicdn®and germaniuthhave been used molecule per surface dimér?, but also the kinetics of
in many adsorption studies. As a prototype system for chemiwater dissociation. Our results show that a water molecule
sorption on semiconductor surfaces, the interaction of wateweakly bonds to the down atom of the Ge dimer, with a
molecules with the $100) surfacé % has received much relatively smaller adsorption energy compared to that on
attention, whereas only little work was spent on the investi-Si(100). Although the dissociative adsorption in which water
gation of the water-covered Gk90) surface’'**°In spite of molecules are dissociated into OH and H species is energeti-
the superficial similarities of both surfaces in the crystalcally favored over the molecular adsorption, the energy bar-
structure and the surface reconstruction, they show a chemiier for the dissociation is calculated to be larger than the
cally subtle difference in water adsorption, as we demonadsorption energy of the molecular state. Thus, unlike
strate in the present work. Si(100 on which water dissociation readily occurs even at

It is well established both experimentdily and 80 K, we predict on GE00) that adsorbed water will not be
theoretically®~*® that on S{100) water dissociation easily dissociated at such a low temperature. Moreover, our results
occurs by saturating the dangling bonds of the Si dimers witiior the energy profile of water dissociation explain the very
the dissociated OH and H species. Using high-resolution indifference of water sticking on the (300 and G&100) sur-
frared spectroscopy, Chabal and Christtnésund that on faces.

Si(100 water chemisorbs dissociatively in the temperature Our total-energy and force calculations were performed
range 80-500 K, whereas on (60 water dissociation by using density-functional thed¥within the generalized-
does not take place at 80 K but appears upon warming tgradient approximatidi (GGA). The O(Ge and H atom is
room temperature. This contrasting behavior for water addescribed by ultrasdft (norm-conserving) pseudopoten-
sorption on GELOO) has been subsequently confirmed by thetials. The surface is modeled by a periodic slab geometry.
different experimental tools such as photoelectronEach slab contains eight Ge atomic layers plus adsorbed wa-
spectroscopy’  high-resolution  electron  energy-loss ter molecules on both sides of the Ge surface. The thickness
spectroscopy (HREELS, and temperature-programmed of the vacuum region between these slabs is about 9A. The
desorptioh® (TPD). In addition, these experimental electronic wave functions are expanded in a plane-wave ba-
works*~1€ found that the sticking coefficient for water on sis set using a cutoff energy of 20 Ry, and the electron den-
Ge(100) is very low at room temperature compared to asity is obtained from the wave functions calculated at eight
unity value on Si100). Despite all these experimental obser- and fourk points in the surface Brillouin zone of the (2
vations, it seems that there are no theoretical studies for un<1) and (2x2) unit cell, respectively. All the atoms except
derstanding the somewhat surprising differences in the watdhe innermost two Ge layers are allowed to relax along the
adsorption on $100) and G&100. calculated Hellmann-Feynman forces until all the residual
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0.25 ML-p(2x2) 0.5 ML-p(2x1) 0.5 ML-p(2x2) =1.15eV) at 0.5 MUFig. 1(e)]. These results imply a re-
PPNy pulsive interaction between adsorbed water molecules in mo-
L St

lecular adsorption, but an attractive interaction between OH
be. species in dissociative adsorption. We note that, when water
'*“". molecules are adsorbed on all the down atom sites within the
Gm%: 3

p(2x2) periodicity[shown in Fig. 1c)], the adsorption en-
ergy increases by 0.08 eV compared to pifg X 1) configu-
ration[Fig. 1(b)] with the same coverage @f=0.5 ML (see
Table ). However, this trend is reversed in the dissociative
adsorption: the adsorption energy of th€ X 2) configura-
tion at#=0.5 ML [Fig. 1(f)] decreases by 0.05 eV compared
to thep(2x 1) configuration of Fig. (e) (see Table)l Thus,
we can say that th@(2X 1) dissociative state, where the
dissociated OH species are aligned along the dimer row, be-
comes the most stable one.

It is likely that there are two contributions to the greater

FIG. 1. Top views of several adsorption configurations of waterbinding energy associated with Figclrelative to Fig. 1b).
on G100 with #=0.25 and 0.5 ML:(a),(b),(c) the molecular  The first is that the water molecules are farther apart and the
adsorption andd),(e),(f) the dissociative adsorption. The large, me- second is that the alternating tilt of the Ge dimémind on
dium, and small circles represent Ge, O, and H atoms, respectivelyhe clean surfagas maintained, whereas in Fig(d) all the
For distinction the up atoms of the Ge dimers are marked ( dimers are tilted in the same direction with the O bonded Ge

being lower. Because the dimers are flat in Fig®) &nd

force components are less than 1 mRy/bohr. These calculdff), their energy difference can only be due to attractive
tion parameters were successfully applied in our previougnteractions between the species. Because the second neigh-
study of water adsorption on @00), yielding well- bor H-OH distance is larger and the first neighbor OH-OH
converged results for the adsorption geometries andlistance is smaller in Fig.(&), we conclude that its greater
energeticg>22 adsorption energy is a result of OH-OH attraction, in particu-

We first determine the atomic structure of adsorbed watelar, an attraction between the hydroxyl O on one site and the
on G&100 for several configurations that were considered inhydroxyl H on a neighboring site. In addition to the OH-OH
our previous study’ on the water-covered @00 surface. attraction some of the extra adhesion energy with 0.5-ML
The top view of the optimized structure for each configura-coverage may be due to a reduction in the strain energy per
tion is shown in Fig. 1, and the calculated adsorption energgimer when all the dimers are strained in the same way.
and bond lengths are listed in Table I, together with our As shown in Table I, the adsorption energy of the molecu-
previous results for water adsorbed on @i00). We find that  lar (dissociativé state on GEL00) is smaller than that on
for #=0.25 ML the dissociative statd=ig. 1(d)] is largely  Si(100), indicating that the bonding of watéhydroxyl) to
stabilized over the molecular stdteig. 1(a)] by 0.73 eV in  Ge&(100) is weaker than that on @i00). For both coverages
adsorption energysee Table )l In the molecular state the of 0.25 and 0.5 ML the adsorption energy difference of the
calculated adsorption energy E{;—=0.33eV) for #  molecular(dissociative state between 8i00 and G&100)
=0.25 ML is found to be larger than thaE{y—=0.20 eV) amounts to ~0.15(1.32) eV. Since the bond length
for 0.5 ML [Fig. 1(b)]. On the other hand, the dissociative dy.c{dg.5) between the O atom and its bonded (&)
state at¢=0.25 ML [Fig. 1(d)] has a relatively smaller ad- atom reflects the strength of bonding, it is interesting to com-
sorption energy of 1.06 eV compared to thaE,{s pare those bond lengths at the two surfaces. Considering that

TABLE I. Calculated adsorption energies and bond lengths of adsorbed water(d@0G®r structures
shown in Figs. 1a)-1(f). M and D indicate molecular and dissociative. The asterisk indicates the data
obtained from additional calculations with a plane-wave basis cutoff of 28R, 22. For comparison our
previous resultgRef. 13 on S(100 are given in parentheses.

0( ML) Figure Eads (eV) dGe-O (A) dGe-Ge (A) dGe-H (A)
0.23m 1(a) 0.330.57 2.282.03 2.602.42

0.25v* 0.34 2.29 2.61

0.5M 1(b) 0.2000.36 2.362.12 2.562.39

0.5M 1(c) 0.280.53 2.31(2.05 2.592.41)

0.25D 1(d) 1.062.37) 1.851.69 2.582.43 1.571.51)
0.2D* 1.04 1.86 2.58 1.57

0.5D 1(e) 1.152.47) 1.851.70) 2.582.44) 1.571.51)
0.5D 1(f) 1.102.42 1.841.69 2.572.44 1.571.5))
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FIG. 3. Calculated energy profilsolid line) of adsorbed water
molecule on GELO0O). The atomic geometries of four representative
FIG. 2. Calculated charge densities for adsorbed water omoints are given(a) the gas state(b) the molecular statec) the
Ge(100): (a) the molecular statfFig. 1(a)] and (b) the dissociative  transition state, and) the dissociative state. The dashed line rep-

state[Fig. 1(d)]. Two kinds of contour spacings are used. The firstresents the energy profile obtained in our previous stiRBf. 13

thin line is at 7.5 millielectron/bofir with spacings of on Si100).

7.5 millielectron/boht and the first thick line is at

75 millielectron/boht with a spacing of 75 millielectron/bohbe- In order to understand why water dissociation o(156)
tween thick lines. The higfH) and low(L) charge density regions s less likely than on $100),"**'°we calculate the energy
are indica_ted. The plots are drawn in a vertical plane containing thgrofile for the dissociation by optimizing the structure as a
buckled dimer atoms, the fourth-layer, and the fifth-layer atoms andynction of increasing distancdo_Hd between the O atom

do notinclude the O £bands. and the dissociated H atom. Here we optimize the structure

the lattice constant of bulk Ge is larger than that of bulk Sifor each fixed value oflo., using the gradient-projection
by about 4%, the difference betwedR g anddg.s;in the  method® In Fig. 3, the calculated energy profile and the
molecular(dissociative adsorption is significant as a ratio of atomic geometries of several representative states are dis-
r=(do.ge—do.s)/do.si~12(9)% (see Table ). Thus, this played. The energy barrier from the molecular stfey.
relatively larger ratior indicates that the bondings of water 3(b)] to the dissociative statfFig. 3(d)] is E,=0.49 eV,

and hydroxyl to GELO0) are much weaker than to (@D0. larger thanE.u=0.33 eV of the molecular state. Assuming
Note that the magnitude ofin the molecular and dissocia- an Arrhenius-type activation process with a typical value
tive adsorptions is similar to the corresponding value ( (~10%) for the preexponential factor, we estimate that at a
~10%) in germanium and silicon oxides which have ionictemperature of 80 K the thermal reaction rate for water de-
bonds. Thus, the bonding nature of water and hydroxyl orsorption is ~2x10 8™, indicating the trapping of ad-
Ge(100) and S{100 is expected to be ionic. This expectation sorbed water molecules in the molecular state. On the other
is well demonstrated by the charge-density plots of thehand, at room temperature the reaction rate for dissociation
O—Ge bond in the molecular and dissociative adsorptiongs ~6x 10*s~* which would make it probable were it not for
(see Fig. 2 Here, the high valence electron dengixclud-  the fact that this is only 0.2% of the desorption rate of
ing the split off O Z bands locates around the O atom, ~2.9x10’s™ 1. Thus, we can say that at room temperature
whereas the low valence electron density locates around thgater desorption is easily activated, accompanied by a very
bonded Ge atom, without any sign of covalent charges besmall portion of water dissociation. Obviously, this aspect for
tween O and Ge atoms. It is notable that the bond lengths aidsorbed water on GEOO) results in low sticking at room
do.ceanddg g in the dissociative adsorption are significantly temperature, as observed in the photoelectron spectrostopy,
shorter than those in the molecular adsorpiisee Table).  the HREELS! and the TPB® experiments. Especially, the
This is attributed to an enhanced ionic nature of the@  HREELS study® observed no detectable molecular adsorp-
bond in the dissociative adsorption because of the transfer afon nor dissociation at room temperature up to a water ex-
a H atom to the up atom. Note that the largest contour enciposure of 100 L. In contrast, on (300 water dissociation
cling the Ge is 37.5 millielectrons/bohrwhile the smallest easily takes place because of a shallow energy barrier of
contour encircling the water or hydroxyl is E,=0.15 eV(see the dashed line in Fig),% leading to an

45 millielectrons/boht. The shorter hydroxyl-Ge bond observed unity sticking coefficieAt.

length is a consequence of the separation between those two Since the sticking coefficient of water on @60) is very
contours being an order of magnitude smaller than for watedow at room temperature, a water layer was formed at low
Ge. This we attribute to OH being able to attract chargegermperature and then warmed up to the desired
better from Ge than is }0. The diminution of Ge charge temperaturé:****Kuhr and Rank¥ found by photoelectron
due to the OH ion is also seen along the Ge dimer bondpectroscopy that at 110 K water adsorbs molecularly with-
where the 67.5 millielectrons/bohcontour, present for 0 out dissociation, but annealing the surface at temperatures
bonding, is missing. between 140 and 300 K causes the dissociation of water
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molecules with the formation of hydroxyl radicals. The ecules and dissociated hydroxyls to(B&0 is much weaker
HREELS experiment carried out by Papagaball® re-  than to Sj100). The calculated energy profile for water dis-
ported that even at 100 K both molecular and dissociatedociation on GE00 qualitatively differs from that on
water are present. Our calculated energy barrier for watesj(100). Unlike Si(100), which has a shallow energy barrier
dissociation on GEOO is too high to explain this experi- for water dissociation, we found that @€0) has a high-
mental evidence for the dissociation. HOWeVer, a Condensegnergy barrier re|ative to the adsorption energy Of the mo-

water layer formed at low temperature may lower the dissotecylar state, thereby contributing to the low sticking coeffi-
ciation barrier as a consequence of the interaction betweeé]em_

adsorbed water molecules. As a matter of fact, we find that
the dissociation barrierg,=0.37 eV) calculated by using This work was supported by the National Science Foun-
p(2x1) unit-cell is reduced by 0.12 eV compared to thatdation under Grant No. DMR-0073546, the Welch Founda-
(Ep=0.49 eV) obtained from thp(2x 2) unit-cell calcula- tion (Houston, TX, National Partnership for Advanced
tion. Thus, we believe that water dissociation may be facili-Computational Infrastructure at UC San Diego, and the Ad-
tated in the condensed water layer by the reduced dissociaanced Computing Center for Engineering and Scidfite
tion barrier due to the interaction between adsorbed watedniversity of Texas at Austin K.S.K. acknowledges the
molecules. support from Creative Research Initiatives of the Korean
In summary, we have performed first-principles density-Ministry of Science and Technology. K.J.J. acknowledges the
functional calculations for the adsorption of water on theresearch support from a grant for State Key Program of
Ge(001) surface. We found that the bonding of water mol- China.
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