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ABSTRACT.

Optical second harmonic generation can be an effective tool for sur-
face studies. In this paper, thé basic theory for the process and a
number of demcnétrating experibents_are reviewed. We show that the pro-
cess has a submonolayer senéitivity, and an overall‘flexibiiity. It can
5e used to probe resonant transitions, molecular arrangement, molecular
orientations, adsorption and deSorption, surface local—fieldAenhance-
ment, and time-resolved surface dynamics, and is generally applicabie to
a surface or interface between any two centrosymmetric madia. It has
been employed in the studies of atcomic and molecular adsorption on metal

and semiconductor surfaces in ultrahigh vacuum as well as on metal,

semiconductor and insulator surfaces in air and liquid;



I. INTRODﬁCTION

Recently, laser studies of surfaces have become a3 subject of great
interest.! 0On the one hand,; lasers have the capability of modifying
surfaces and interfaces. Researéh on laser-induced annealing, alloying,
and processing has attracted increasing attention. On the other hand, : v
lasers can be used to probe surfaces and interfaées. Introduction of
laser techniques for surface probing has significantly broadehed the
horizon of surface science research. This article concerns the latter
aspect of laser applications to surface sciencé.

In surface science, characterization of surfaces and inﬁerfaces is
of central importénce as it is essential for the understanding of all .
surface phenomena."Tolthislend,‘various techniques havé been.developed
in the past.2 While most of‘them involve emisSion, adsorption, or scat-
tering of massive particles, a few rely on optical pﬁobing. The optical
methods have the advantage of being generally applicable to interfaces
between two dense media, but their sensitivities are oftén limited.
With the advance of laseﬁ techﬁology, however, optical techniques havé
been greatly improved. In addition, a number of new optical probes have
been invenﬁed, which offer some unique'possibilities for surface
studies. For example, resonant fluorescence and multiphoton ionization
have been employed tq measure angular, velocity, and internal energy “
distributions of molecules scattered or desorbed from a surface, and
thereby obtain detailed information about the molecule-sufface interac~
tion.3 Laser-induced desorption,” photoacoustice spectroscopy,5 and pho-
tothermal deflection spectroscopy6 have been used for spectroscopic

studies of adsorbates and surface states. Considerable effort has also
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been made in the developmeqt of surface probes based on.nonlinear opti-
cal effects, |

Botﬁ second-érder and third-order nonlinear optical processes have
been considered for surface studiés. Coherent Raman spectroscopy is an
example of the third-order processes. Stimulated Raman gain spectros-
copy is knan to have very high sensitivity, especially when continuous~
ly mode—locked lasers and synchronous detection schemes are used.7 De-
tection of a gain as small as -~ 10‘8 is possible, and the technique has
been shown to be sensitive enough to detect the Raman spectrum of a mo-
lecular monolayer'.8 Céherent anti-Stokes Raman spectroscopy (CARS) igh
alsp extremely seﬁsitiye, and should be éapable of détecting é moleculér
mdnolayer.9 The sensitivities of both Raman spéctboscopiéﬁ can be fur~
thér enhanced by employing surface or guided optical waves as pump and
proﬁe. However, both also suffer_from complexity of the expérimental
arrangement and from the undesired contribution to the signal from thg
substrate on which the molecdles adsorb. Spectral selectivity is ofteh
the only basis that can be used to discriminate the adsorbed molecules
against the substrate in this case.

Second-order nonlinear optical processes, when allowed, are gener-
ally much stronger than third-order processes, and are easily detsctable
even in a molecular monolayer. The experimental arrangement is also
much simpler. It turns out that the second-order processes are particu-
larly suitable for surface studies. They are surface-specific at inter-
faces betwéen two media with inversion symmetry for the following rea-
son. From a simple symmetry argument, it can be shown that a second-

- order process is forbidden in a centrosymmetric medium in the electric-
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dipole approximation, but is necessarily allowed at a surface or inter-
face. In this sense, the second-order processes hold an intrinsic
surface specificity on the atomic scale.'0 The surface sensitivity of
the second-order processes indeed has been demonstrated in a number of
early experiments on surféce second. harmonic generation (SHG).11 More
recent work has been focused on exploiting the SHG process as a téol‘for
surface st:udies.‘z-i6 The latter is the main theme of this review ar-
ticle. |

There are two important criterions a viable'new surface tool must
satisfy. First, it must have enough sensitivity to detecﬁ a molecular
monolayer or submqnolayer. Seéond, it must have enough advantéges over
the existing surface probes. ‘The second-order nonlinear opfical proces-
ses are indeed sensitive enough to detect a molecuiar submonoléyer.
Their major édvantagés.over the convehtional surface surfaces ahe in the .
very high spectral resolﬁtion (< 0.01 em™') and time resolution (< 1
psec) a nonlinear optical technique can offer, and in the fact that'such
processes can be used to study interfaces between two dénse media. As
we shall see in later sections, the various possible combinations of in-
put and output polarizations also allow us to deduce information about
the surface structural symmetry and the orientation of molecular adsor-
bates. ' | -

In the following sections, we first describe briefly the theoretical
5asis for SHG. We then selectively review the various experiments that .
demonstrate the surface sensitivity of SHG and the effectiveness and

versatility of SHG as a surface probe.



II. THthETICAL BASIS

The géneral theory of surface SHG was developed earlier in 1962 by
Bloembergen and Pershan.17 Here,lfor simplicity, we consider only the
case of an interface between a medium and vacuum. Recognizing that the
properties of the ;nterfacial region are diffgrent from those of the
bulk, we can treat the problem as SHG from a three-layer system schema-
tically shown in Fig, 1.10  The thickness of the intérfacial layer d is
necessarily of microscopic dimenéion. Therefore, the nonlinear polari-

zation P(2)(2w) which is responsible for the SHG can be written as
P(2)(20) = 0 for z < 0
= ;§2)6(z) + PéZ) for z > 0 .«"_,'_(1)
where
- > ->
> - -+ -+
Péz) = xéZ):E(w)E(m) for a medium without inversion symmetry
@, > >
= xﬁg):E(w)VE(m) for a medium with inversion symmetry
> -> -> - '
E(w) = fexp(ik .» r - iwt).

The SHG is then described by the solution of the Maxwell equaticns with

-
P(2)(2m) acting as the radiation source. For the reflected SH output,
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" or the homogeneous part of the transmitted SH output, it can be shown
that the solution remains unchanged if ;(2)(2m) in Eq. (1) is replaced

by an effective surface nonlienar polarization18 such that
P (2w - 0 for z < 0
= P{2)eps(z)  for 2> 0 (2)
where
(P§2)ee)y = PE3) 4 ipé?,%/.(k2,z_* kg, z) for § = lx.y,z
Es f;é;(w)‘

> -> : . )
and K; and kp are wavevectors of the free waves at 2w reflected into the
vacuum and trasmitted into the medium, respectively. The solution

yields, for the 8- and P-polarized SH wave radiated back into the va-

cuum,
v iuwkg
Eq(2w) = ¢ — (P )
s\cw k1,z - k2,z S,eff’y
ika1
Ep(2w) = P (k2,z(Ps,eff)x * %2,x(Ps,efr)z]- (3

The output SH power is given by

| o .
P(2w) = 5[ (B (20) | 24A. (1)



T

Since the boundary'éondition requires k1,x = kp,x = Kg x = 2ky(w), the
output is.expected'to be highly collimaﬁed in a well defined direction.

‘Equation (1) shows that in order for SHG to be surface-specific, we
must have [P§2)| » (1/2k2)|Pé2).l. “This would mean |x§2)| 2 (1/2kp)[x§?|
or |x§2)|/|xé2)|d 2 1/2kpd if the medium has no inyersidn symmetfy.
Such anAineQUélity is uﬁlikely to hold since kod << 1. Therefore, SHG
_yis generaily nét applicable ;o surface studies of a medium without in-~
version symmetry. If, however, the medium is centrosymmetric,‘then
;éZ) f.;ﬁﬁ);gég derived from electric quadrupole and magnetic-dipole
contributions is ka times weaker thén ;g?):EE from the electric-dipole
contribution, where a is the lattiée constant or the_size_of the atoms
ob.molécules in the medium. The condition [P§2)| Z.(1/2k2)[Pé2)| then
becomes |i§2)|/lx§2)|d > a/d thch; with a € d, can be satsified in
-'manyvcéses.' This happens;.for example, with metal surfaces where free
electrons givé fise té large.surface nonlineari;ies, with semiconductor
surfaces where dangling bonds with loﬁe-pair electrons yield large sur-
face nonlinearities, and with surface layers of molecular adscrbates
that possess large nonlinearities. As we_shall discuss laéer, the sur-
face layer can dominate over the bulk in SHG in some cases; in other
cases, the surface nonlinearity can be determined separately by appro-
priate measurements.

As an order-of-magnitude estimate, we can assume |X§2)|d - IXéZ)I»
which is normally in the 1076-10"8 esu range. With d - 10~7 cm, we
nave, for a surface monolayer of atoms or molecules, |x§2)| ~ 10‘13—10'15

esu., One can also’'use the second-order perturbation calculation to give

a rough estimate of |X§2)|. Assuming the absence of local-field cor-
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rection, énd assuming the laser excitation far off resonance, we have

< 3
lx§2)l ~ Ng _Le;l:)__>. (5) .
, (¥w,)2

With Ng ~ 107%-1015/cm2 for a molecular monolayer, r - 1 A, and &y, - 3
x 1015/sec, we find |X§2)l - 10"14-1015 esu. Resonant enhancement can
of course greatly enhance the value of |X§2)|-

| Knowing the value of |x§2)|, we can estimate the signal strength of

SHG from a surface layer. Equation (3) leads to a SH output12
S(2w) = 32w2m2c‘3secze|x§2)|2I2(m)AT v : (6)

for an inbut laser pulse with intensity I(w), cross-section 4, pulse
duration T, and incidence angle 8. If we take [x§2)| - 10715 esu, I(w)
~ 10 MW/cmz, A ~v0.2 em2, T - 10 nsec, and 8 ~ U45°, the signal strength
S is of the order of 10% photons/pulée. Such a large éignéi should be
readily detéctable. This then pbediéts the submonolayer sensitivity of
surface SHG. Measurement of the surface SHG allows us to deduce ;§2)
for the surface layer.

_From the surface science point of view, it is of course most impor-
tant that the macroscopic ;éZ) can be related to the surface proper-
ties. Unfortunately, the detailed microscopic understanding of ;éZ) is
still lacking. We can offer here only the following genefal picture. -
For a molecular monolayer adsorbed on a surface, the surface nonlinear

susceptibility can be written as




UD =32 D WD, | (1)

Here,\?ég) is the contribution from the bare substrate surface, ;&2)

is the contribution from the molecular layer isolated from ﬁhe sub-
strate, and §§2) ar;ses”from interaction between the molécule and the
substrate that changes the proberties of both the molecule and the
surface of the substrate. Whether a particular term dominates in qu
(7) or not depends on the material system. In some cases, asymmetric
molecules with large second-order npnlinear polarizabilities can yield a
dominating ;QZ) if they are aligned on the surface. In other cases,

: ;éZ) may bé negligible and the only effect of the adsorbafes on ;§2)'

is a modification of §§§) by ;{2)- While it is possible to make a |
reasonable gﬁess at thé physical originsxof the various_terms iﬁ.Eq. (7)
vfor.a'given surface system, a more quantitative picturg would require a.
rather thorough understanding of the micrdscopic properties of the sur-
face system.' It fs possible, for example, to use the bond theory to
calculate ;§2) for semiconductor and insulator surfaces, but one needs
prior knowledge of the surface structure.

The pcossible local-field effect on ;§2) is also a problem of great
importance for understanding surface nonlinearity.19 In the present
case, the local-field correction arising fro@ induced dipole-induced di-
pole interaction between molecules comes in two ways. First, the
average local field leéds to the usual expression between macroscopic

and microscopic susceptibilities
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%62 (2w) = £ (2w) - 3§ (Wi (w)

- : _ -
where L is the local-fieild corrgction factor which is necessarily
different from that for.the bulk, and ;§2) is the microscopic suscep-
tivility. Then, the strong spatial variation of the local field at the
surface can modify the transitiqn hatrix elements and hence ;éZ); The
harmonic frequency component of the local field may also contribute, but
it is beiiefea to'bé less important. In the absence of any reasonable
Quantum theory of the local field, the'clasSical»point;dipole'model‘is
often used to calculate the local-field effect. For a surface layer of
moleclar adsorbates; it hés been fouﬁd that the local-field correction
(with respect to the incoming field in vacuum) is negligible if the .
vnearest-neighbor distanée between'adsorbed molecules~is more than - 10 &
and the distance between. the molecules and the substrate is more than
2.5 A in the metal case or more than 1.5 A in the insulator case.

Aside from the above microscopic locaIineld correction, there also
exists a macroscopic local-field correction (with respect to the incom-
ing field) arising from the macroscopic boundary effect.20 In the plane
boundary case, for example, the macroscopic local-field correction is
simply described by the Fresnel factor for transmission. On a rough me- -
tal surface with structure of the order of a wavelength in size, this
local-figld correction can be very large, leading to a loqal—field en-
hancement of surface SHG several orders of magnitude stronger than that

from a smooth surface.
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III. STUDY OF SURFACE. ENHANCEMENT OF OPTICAL PROCESSES BY SECOND
HARMONIC GENERATION

It was discovéred some time ago that the effective Raman cross-sec-—
tion of molecules can increase by many orders of magnitude when adsorbed
on roughened noble metal surf‘aces.z1 ?he cause of this large surface
enhancement and the promise that surface-enhanced Raman'scaﬁtering
(SERS) may be useful as a sensitive tool for surface spectroscopy have
attracted a great deal of attention. Two general mechanisms contribute
to the enhancement. First, a chemical interaction between the adsorbed
molecules and the substrate can lead to a larger intninsic Raman crqss-
section than that df an»isolatéd'mdiecdle; Second, the incoming ann
outgning'optical fields.can be ennanced by the macroscopic local-field
enhannément mentioned eanlier. For metals, the loéalffield enhancement
on é‘rough surface could be excentinnally strong-because>of the presénce
of ldcal plasmon resonances'and corona-(or lightning rod) effecﬁs in the
locél stnuctures. In Raman scattering, these twn nechanisms are boﬁn
present, and it is difficult to distinguish one from the other. More-
over,-unless the surface enhancement is larger than ~ 103, the SERS sig-
nal is not easy to detect. This limits/the possibility of SERS measure-
ments to only a few metals, namely, the noble metals, |

We realize, however, that Raman scattering, being a two-photon tran-
sition, is a nonlinear optical effect, and any nonlinear opticadl process
shouldvexperience a surface local-field enhancement. If Qe are
interested in exploring only the surface lncal-field enhancenent, it is
more appropriate to study those optical effects-tnét can be observed on

bare metal surfaces. Without adsorbates (or with the same adsorbates on
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both smooth and rough surfaces), éurface enhancementvdue to chemical in-
teraction does not come into play. Comparison of the signal strength
from rough and smooth surfaces will then yield the local-field enhance-
ment alone. Surface SHG is ideal for such study not only because thé
experiment is relatively simple, but also because it provides easily
detectable signalé from both smooth and rough surfaces of any metal.20,22

In terms of the-mécroscopic local-field correction factor &, the ef-

fective nonlinear susceptibility for surface SHG is given by

(x§2)) gpp = L(20)x§2) L(w) L(w) | (8)
and the surface enhancement is expected to be.
s = 7 | 22(20) L (wan | (9)

Wwhere the inteération is over the rough surface structure. On some
local tips, X(w) is a maximum because of local plasmon resonance, but
then A 2w) is likely to be close to unity. Ifg#,ax(w) dominates in the

above integral, then Eq. (9) can be approximated by

Ngy = £ Laax(w) (10)

with f being the fractional area wherewghax(w) occurs. For Raman scat-
tering, the Raman cross-section op is directly proportional to the ima-
ginary part of x(3)(wS =W "o * wg). The surface local-field

‘ennancement of ¢ is easily shown to be
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: |
"Ry Jz’z(wz)zz(ms)?ﬁp (1

If w, T Wg -~ w, andS?gax(w) dominates in the integral, we again have
"R« £ LR (w). (12)

Thus, measurement of the local-field enhancement of surface SHG should
aiSo allow us to determine the local-field enhancement in SERS.

The experimental arrangement for surface SHG is shown in Fig. é.
While the SH butput from a smooth SUrface is‘highiy directional, the one
from a rough surfacevis hiéh;y diffuéive because of roughness scatter-
ing. The surface enhancementiwas measurad by ccmparing the total dif-
fuse SH output Irom the roughvsurface.td»the coherent SH outputjfrom_the
émooth surface, Indeed, as shown in.?ig; 3, we found,'with a puﬁp beam
at 1.06 uym, a surface enhancemént of - 10“ on an electrochemically
roughened surface. This wouid correspond tb a local—fieid:enhanceﬁent
of -~ 106 in SERS with respect to Raman scattering from isolated
molecules. With the pump field at 0.683 um, the measured local-field
enhancement in surface SHG was 102, This should correspond to a
local-field enhancement of - 105 in SERS. The dielectric dispersion
is expected to reduce ;he enhancement of SERS at 0.54 uym to 2 x 104,

The measured surface enhancement of SERS at 0.54 um, including both the
local-~field and’the chemical effects, was - 106, wve can therefore
conclude that an enhancement of ; 50 may arise from the pyridine-Ag
interaction.

The observation of surface-enhanced SHG on rough Ag surfaces clearly

demonstrates the importance of local-field enhancement on surface non-
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linear optical processes. The high sensitivity of surface SHG now allows

us to measure not only the surface enhancement on noble metals but also

that on other metals or_solids, This has recently been carried out with

samples of identical roughness so that the relative enhanceﬁent can be
deduced.22 Among the 16 metals studied, Ga, Mg, and AL appeared to have
a‘local-fiéld enhancament comparable to or larger than Ag. The results.
suggest that SERS may be possible on.quite a fe# different metal sur-
faces, considering that the chemical interaction between molecules and

substrates should further enhance the Raman effect.

IV. STUDY OF MOLECULAR ADSORPTION AND DESORPTION ON ELECTRODES IN AN
ELECTROLYTICAL CELL
Electrochemistry is a very old discipline, but the understanding of

electrochenistry is still at a'very primitive stage. OCne of the major

difficulties is that very little is known about adsorbates on electrodes.

We showed in Sec. II that surface SHG has the sensitivity.of detect-
ing a submonolayer of molecular adsorbates. On a roughened metal elec~
trode, the surface enhancement could further improve the detection sen-
sitivity. It is therefore possible to use surface SHG to study molecu-
lar adsorption and desorption at an electrode.!'2 An example is shown in
Fig. U4, where surface SHG from a Ag electrode in a 0.1 M KCL solution is
found to respond to the appearance and disappearance of AgC% on the
electrode. The signal increases rapidly when the first monolayer of
AgCL is formed at the roughened electrode, as judged from the amount of
charge transfer through the electrode, and decreases precipitately when

‘the last monolayer of AgC% is reduced back to Ag and CL. In between,

a0 .
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although hundred of AgC% monolayers are formed and reduced, the siénal-
varies only slightly, mostly in response to the change in surface rough-
ness. This is the result of the surface-specific nature of SHG. If
0.05 M of pyridine is added into the solution and a suffiéiently nega-
tive bias is put on thg Ag electrode, it is known that pyridine mole-
cules would adsdrb to the Ag surface at some active sites with no more
than a monolayer.v Yet the surface SHG signal is Fig. 4 shows that it
can clearly respond to the adsorption of pyridine.l2 wWhen a laser pulse
of 0.2 mJ of'energj at 1.06. ym and 6 nsed in'pulsewidth was focused to a
spot of 0.2 cm2 on the pyridine-adsbrbed electfode; a signal level of 8
x 105 photons/pulse was detected. Knowing that the enhancemeht'cf SHG".
.on>such a surface is - 10“; aﬁd assuming that the surfaée coverage of
pyridinevis y x 101"/cm2,.we can deduce fro@ Eq. (6) a value of ﬁhé non-
linear'susceptibility per adsorbed py}idine moleculé to be - 8 x'1d;30
esu, | |
Unless a tﬁnabie-laser is used, the SHG téchhique is‘not spectrall&

selective. This 13'ceftainly a disadvantage of the technique. Ahother
difficulty is the lack of microscopic understanding of the surface non-
linearity incurred by the adsorbates. For example, it is not understood
why the SHG signal increases when pyridine molecules are adsorbed on thé
Agvelectrode in the eleétrolytical solution'? while it decreases when
the same molecules are adsorbed on Rh(111) in an ultrahigh vacuum, 16
The de~field-induced SHC was not important in the case of Ref. 12, as
judged from the signal dependence on the bias voltage. It may happen
that the adsorption of.pyridine on Ag induces a charge-transfer band in

‘the green at which the SHG is resonantly enhanced.
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The possible applications of SHG to electrochemistry are yet to be
explored. As long as the adsorbed species on an electrode can be iden-
tified by some means (for example, SERS), surface SHG can be used to
study the time dépendence of adéorption or desorption of that species,
and to help monitér molecular adsorption and deso?ption dgring an elec—-
trolytic cycle.20,23 1In another case, when a fixed number of adsorbates
exist on an elgctrdde,.the surface SHG as a function of the bias voltage

+ allows us to find the effective surface charge density on the electrode. 2l

V. STUDY OF MOLECULAR ADSORBATES ON INSULATORS

while rough surfaces may be of practical importance in surface
scieﬁce, smooth surfaces are-bbviéuély better characterized and easier
té analyze. We discus: heré appliéations df surface SHG.to the study of
molecuiar gdsorbates at éas/solid and liquid/solid interfaces. As we
showed earlier, surface SHG has'the sensitivity to detect a molecular
submonolayer, and can therefore.be used to study molecular adsorbates,
We shall describe in the following how information about the spectrum,
the symmetry of molecular arrangement,'the average molecular orienta-
tion, and the adsorption isotherm of the adsorbates'can be deduced from
the SHG measurements.!3,'® 1In all the examples given, smooth fused
qﬁartz plates were used as the substrates. They generally give much
. weaker SH signals than ﬁhe adsorbates.

A. Spectroscopic Study of Molecular Adsorbates

SHG from an adsorbed molecular layer should be resonantly enhanced
when either the fundamental or the second harmonic frequency coincides

Wwith an absorption band of the molecules. Thus, surface SHG with a tun-

Bs e

i S
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able laser can yield a resonant spectrum of the molecular adsorbates.
We use here dye molecules adsorbed at an air/fused qqartz interface as
an example.l3

The sample was prepared by depositing half monolayer of dye mole-
cules on a quartz piate using eithef the spinning or the dipping‘tech—
nique. Thé experimental setup in Fig. 2 was then used t$ measure the
SHG from the dye molecular layer. The resonant structure in SHG versus
the laser frequency was expected to reflect the resonant transitions in
the dye molecules. This is illustrated by the examples of Rhodamine 6G
and Rhodamine 110 dyes in Fig. 5, where scanhing éf 2w over ﬁhe SO > S5
electrbnic transition of the molecules yields the observed resonant )
peaks. Because of the slight difference in their molecular structures,
the resonanﬁnpeaks of the two dyé molecules are shifted slightly from
each other. The signal rise towards the IOWffrequency-side_indicates
the appearance of another resonant peak as w approaches the Sy > S1
transition.

~The SH signal from dye molecules was very strongf With a pump laser
energy of 1 mJ in a pulsewidth of 5 nsec focused to a spot of 10~3 cm2,
the observed signal from a half monolayer of Rhodamine 6G (N -‘5 x 1013/
cm2) was - 104 photons/pulse on resonance, corresponding to a nonlinear
susceptibility x(2) = 7 x 10729 esu/molecule. Such a large nonlinear
‘susceptibility was the combined effort of the resonance of 2w with the
Sg + S transition, the near resonance of w with the Sg * S1 transition,
and the large dipole moments of the transitions involved. In fact, in-

one type of coumarine dye molecules, one can find both w and 2w simul-

taneously resonant with the Sy > Sy and Sg ™ S transitions, respective-

e
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ly. As a result, the SH signal from such molecules is - 103 times
larger than that from Rhodamine 6G.25

The discussion here shows that surface SHG can be used to do spec-
troscopy on adsorbed molecules. The method is, of course, not limited
to-adsorbates on insulator surfaces. One can use it, for example, to
study the charge-transfer band created by adsorption of molecules on me-
tals. .So far,'with tunable dye lasers, only the elecﬁronic transitions.
of adsorbates can be probed. 1In surface sciénce, vibrational spectros-
copy of adsorbatés is of tantamountbimportance since the spectra allow
one to deduce the moleéule—substrate interaction.26 One would think
that this could be achieved by surface SHG using a tunable infrared
laser. However, infraréd detectors are generally much lésé sensitive
than photdmultipliers in the visible, so that infrafed SHG is not likely
to have the necessary sensitivity to study submonolayer adsorbates. It
is, however, possible to use yet another second-order érocess, sum-
frequency generation, instead of SHG for vibrational spectroscopy. In
this case, a tﬁnable infrared laser is used to probe the vibrational
transitions of the adsorbates, and the resonant spectrum can be up-con-
verted to the visible by sum-frequency generation using a visiblé laser.
A preliminary experiment shows that this is indeed a viable method.27

B. Probing of Symmetry of Molecular Arrangement

SHG generated from a layer of adsorbates céuld'be used to probé the
symmetry of the molecular arrangement in that layer. This is based on
the idea that the struc;ghal symmetry may be reflected by the azimuthal
variation of SHG as the sample rotates about its surface normal. Simple

‘calculation can show that a molecular arrangement with Cy or higher rota-
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_tional symmetry should yield.an_SH signal with isotropic azimuthal vari-
ation, but those with lower symmetry should give rise to a corresponding
rotational symmetry in the azimuthal variation of the SH signalf
| The above discussion actually_assumes that the adsorbed molecules

are correlated by chemipal or/and electromagnetic_interaction. Other-
wise, we would have thé surface nonlinear susceptibility given by §§2)
= NS<:>(2) with {Z>(2) being the avebage nonlinear polarizability of in~
dividual adsorbed molecules and Ng the surface density of the adsor-
bates. The symmetry of x§2) which is exhibited by the symmetry in SHG
would then reflect only the symmetry of €Z>(2) forrindividual molecules
instéad of that for the molécUlar arrangemeht. | |

_Méasurements of SHG as a fdnction of rotation about the surface ﬁor—
‘mal ha&e been carried out fér dyé molecules and p—nitrObenzoic acid
 mo1ecu1es adsorbed on'fusedvqﬁarti.13a?u' In these cases, the signal Qas
-foﬁhd to be independent of the rbtation.. This suggested severai possi-
bilities: (1) molecules were fandomly distributed, and also randomly or-~
iented with respect tovthe azimuthal angle ¢; (2) molecules formed a
surface lattice, but they were uncorrelated and randomly driented with
respect to ¢; (3) correlated molecules formed a surface lattice with Cy
or higher rotational symmetry, but they were randomly oriented with re-
spect to ¢. We believe that the first possibility is most likely, since
on an amorphous substrate, molecules would form a lattice only through
correlation, and then, correlation should alsoAforbid a randem orienta-
tion of the molecules with respect to ¢.

In geneéal, if the molecular adsorbates do form a surface lattice,

we expect that their orientations are also well defined. It is then
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possible that through thé-SﬁG measurement with the sample rotating about
its surface normal and with different combinations of beam polariza-
tions, we can obtain information both on the symmetry of the lattice and
oﬁ the molecular orientation. Thus, we have a means to study, for ex-
ample,_hoﬁvthe molecular orientation varies as a two-dimensional molecu-
lar layer changes from a liquid to a solid phase.
- C. Probing of Molecﬁlar Orientations of Adsorbates

Surfaée SHG with various polarization combinations can be used to
deduce information about oﬁientations of molecular adsorbates in some
cases.’™ The bvasic underlying principie is fairly simplé.- Thé macro-
scopic nonlinear suscéptibility is related to the microscopic nonlinear
polariz;bility of thevmoleculés'by a coordinate transformation which de-
pends on the molecular orientation. In the simple case-where>intérac-

tion between molécules is.negligible,.we have -

- Eng
- <6£TR(8,6,0)>N5a A S

. n '
ilere, G%ji is the geometric factor specified by the transformation from

the molecular coordinates (g,n,z) to the lab coordinates (i,j,k), 6, ¢,
Y are the Euler angles describing the molecular orientation, the subin-
dex A denotes the different molecules, and the angular brackets indicate
an average over all the molecules. It is seen from Eq. (13) that if

, Eng
“é%&'s are known and nga's can be measured, then <Gijk(9.¢»¢)> can

be obtained, from which a weighted average orientation of the molecules
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can be deducedf Unfortunately, for a given molecular species, only very
limited information about aésg is usually aiailablef Thus, only in spe-
cial cases can we ﬁse the technique to really measure the orientation of
adsorbates. This happens, for example, when aégg along a Qerﬁain direc-
tion £ dominates over all the other elements qf a(z);

We consider here the orientational measurement on p-nitrobenzoic
acid (PNBA) molecules adsorbed on fused quartzf1n It is known that PNBA
is adsorbed with the CO, end attached to the quartz surface, as shown in
Figf 6. The nonlinear polarizability‘:(Z) of PNBA in this case is not
expected to be much affected bj the adsorption. The C2v symmetry of
PKBA leads to the following'nonvanishing elements of'Z(Z): Qéz%'z"
-sa(ex 'x's Gé?y 'y' G§e) 'xt = °§ex 'zt a(?) z'y' = “y?} 'z
where ' - 2! describes the molecular plane with 2' along the long mo-
lecular axis, and-¥' is normal to the moleéulér plane. For molecuies
like PNBA having delocalized.eiecthbné around the ring, tfansition dipole
moments perpendiculaf to the molecular plane are generally much smaller
than the in-plane moments. Also, the transition moments along R}' are

generally smaller than those along 2'. Theoretical calculations show

that Gé?%vzv is one order of magnitude larger than a&a%vx' and

Gé?%'xn, and is three orders of magnitude larger than a§?%'y. and

aé?;.y..zs In the first-order approximation, therefore, we can assume

Gé?%.z' to be the only nonvanishing element. Under this approximation,.

the PNBA molecule is treated as a long rod élong 2', and we like to

find the orientation of this rpd from the polarization dependence of SHG.
In the experiment, the observed SHG from adsorbed PNBA was indepen-

dent of the sample rotation about the surface normal.l¥ This indicated
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that the molecules were randomly oriented with respect to the azimuthal
angle ¢. We only had to‘measure the angle 8 between the molecular axis
2' and the surface normal 2. Eor an isotropic surface layef, the non-
vanishing elements of §§2) are Xé?%zz, Xé%%xx ,‘xég%yy’ and
Xé?%zx = x§?}zy, and the;reiations between.;§2) and a(2) in the

absence of intermolegular 1ntenac£iqn arev
xé?%zz = NS<¢°339>°§?%'z;
 x§2yy = 172 Ng<cose sin2e>af?)y g0
X ?ng = 172 Ng<cos® sin26>alPlizr.

(18)

The above equations then show that measurement of the ratio of_x§2)
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to Xé?%xx or the ratio of their linear combinations can yield a
weighted average of 9.
Experimentally, the following ratio
R = [xéegzz + Zxéegxx]/xé?%zx
= <co0s0>/<cose sinZe> (15)

can be easily measured by a polarization null method.!® The value of R
obtained vy a 0.532 um laser excitation for 1/4 monolayer of PNBA (NS =
1.5 x 101”/cm2) adsorbed at an air/fused quartz interface was 2.3. To

find the average orientation angle, we must know the orientational dis-
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tributionf This information is unfoftunately difficult to obtain., 1If
we assume all molecules had the same 68, then from Eq. (15), wé would
have 8 = T0°, If we assume a Loreﬁtzian distribution with a 10° FWHM
spread, then the center of the distribution would lie at 76°. The same
measurement carried out with 1/2 monoiayer of PNBA at an ethanol
liquid/fused quartz interface gave R = 5.5, which yielded 6 =.36° for a
§-function distribution or 8 = 34° at the‘cénter of a 10° Lorentzian
distribution. The difference in the orientations of PNBA molecules at
air/quartz and ethanol/quartz interfaces is easily understood from the
interaction of the molecules with their surroundings.. The interaction
between PNBA and the silica would favor a flat orientation of the
molecules oh the subs;rate,'but in éﬁhanol,,the dielectric effect of the
$olution,and’the interac;ion_betyeen the NO5 group of PNBA and ethanol
 wou1d iike’to tilt the molecules morg towards the normal. |

To check the véliditj of the technique, we note that the orientation
of molecules is certainly indeﬁendent of the léser frequency we use to
do the measurements. Therefore, if measurements with different laser
frequencies yield the same orientation anglé, the result should be reli-
ablé. Indeed, at three different laser wavelengths 1.06, 0.683, and
0.532 um, we found, assuming a §—-function disthibution, 8 = 389, u3°,
and 37° (&% 3°),\respectivély. The result here also indicates that the
local-field effécﬁ on the determination of orientations is not signifi-
cant. If the local-field correction is important, Eq. (14) will have té

be beplaced by

xé?%zz = NS<C0539>PL(2m)§f(w)a§2%vz'

o .
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‘X§?%xx = 1/2 Ng<cos8 sin?9>pl(2m)L"(w)az?% Tgt
x§2)zx = 1/2 Ng<cose s1n29>L"(zm)pL(m)H,(m)agag,z. (16)

where LL and.Hl are the localffield correction factors for fields normal
and parallel tq the surface plane, respectively; The ratio R define in
Eq. (15) will then depend on the L's. Because the local field is a
function of frequency, R must also vary Qith frequencyf Tﬁis is parti-
cularly true if the frequency scans over resonances. In the above-men-
Eioned experiment, the second harmonic of the 0.532~um laser excitation
?as'résonant with ihe'A1 > Aq trahsition of the PNBA molecules, while
that of the 1.06 umvexcitation was not. The fact that the meanred R
and the deduced orientatioﬂ angle 8 did ﬁot'seem ;o have significant de-
pendence on the laser frequency was therefore an indicatlon that. the
local-fleld effect was not important° The result here is actually sup-
ported by a theoretica; estimate of the local-field correction based on
a point-dipole model,!9 which shows L" -~ tand L ~ [1 + (1/8)cos2g]1
at NS = 2 x 1o1u/cm2.

If the adsorbed molécules cannot be treated as rod-like, the deter-
mihation of molecular orientation becomes much more complicated. The
case of rhodamine dye molecules on fused quartz is an-example.13 The
fact that SHG from the adsorbed layer was observed readily indicates
that the moleculeé are not likely to lie flat on the substrate. How-
ever, to find the orientation of the molecular plane, we must refer to

two possible models, one with the two amino groups attached to the sur-
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face and the other with the acid group and one of the amino groups 5ound
to the surface, The polarizatidn meésurement of SHG was only consistent
with the latter model and suggested that}the molecular plane was‘canted
at 34° away from the surface normal. That adsorbed dye molecules are
canted with the acid (carboxyphenil) grdup responsible for'adsorption
has also been confirmed by the orientation measurements on a group of
selected xanthene dyes .29 | | )

D. Measurement of an Adsorption Isotherm for Adsorbates at a

Liquid/Solid Interface |

The.adsorption isotherm‘for molecular adsorption at a liquid/solid
interface is.defined as the suﬁfacé density of the adsorbates as a func=
tion of the adsorbate concentration in liquidf It is most useful for
deslcr'ibir.lg the charactéris;'tics of adsorption in eQuilibr‘iu:m. One would
therefore like_to be ablé'to-measure-diréctly such an iSothermf,_This
can be aéhievéd by surfaée'SﬁG.if the'locél—field COrfection is negli-
gibleQ.,v‘

Without the local—fiéld correction, the SH field generated by the Ng
adsorbed molecules/cm2 is proportional to x§2) = Ns<a(2)>. By measur-
ing the SH output as a function of the adsorbateiconcentration p, we
should then be able to deduce the adsorption isotherm NS versus p. In
practice, however, SHG from the bulk liquid and solid constitutiné the
interface may not be negligible, especia;ly when NS is small. .The ob-~

served SH signal should then very with NS as

S = |A + BNg|2 amn

L
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where the A and B parts refer to contributions from the background and

the adsorbed molecules, respectively. We then have
Ng = l§1{[———— -1 + cos?$]1/2 - coss} (18)

with B/A = ]B/A]exﬁ(i¢)f Since |A|2 and ¢ can be separatel& determined,
the measured signal S allows ﬁs to deduce-NS; the proportional coﬁstang
|A/B| in Eq. (18) can be calibrated against the saturated surface den-
sityf' In this scheme,'we have also iﬁplicitly assumed that the orienta-
tion of the adsorbates does not very with surface density. If not, \
further correction must be made.

We present in Fig. 7 the isothermvofvPNBA adsorptioh from eﬁhanolic
solﬁtion fo fusedvquartz meésured ﬁy the above-techniqué using a .
0.532-um laser excitaticnf1u» Within the experimental accuracj, the ori-
entatiénvof ?NBA appeared t§ be indepeﬁdent of p. Thevisotherm nas the
general shape associated with Langmuir kinetics, increasing monotonical-
ly without kinks tova saturation levél. As we expect, the }ow concen~ -

tration region more closely obeys the Langmuir equation

Ng/Ng = p/(x + p) (19)

~

which is based on the assumption that the adsorption of molecules to
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empty sites is independéht of the molecules already presen£ on the sur-
face. Here, Ny is the saturation surface density and x = 55exp(- AG/RT).
.with AG being the free energy of adsorption, R the gas constant, and f
the temperatufe. Fitting the first few data points in Fig. T to qu
(19) yields AG = 8 KCal/mole for the.adsorption of PNBA from ethanol to-

fused quartz.

VI. STUDY OF SEMICONDUCTOR SURFACES

Since the surface specificity of SHG relies on‘the inversion symme-
try of the bulk media, surface SHG as a surface tool is only applicable
to the centfosymmetric Semiconductors such as Si and Ge. As in the in—~
sulator caﬁe, we can use surface SHG to study.molecular édsorption on
the surfaces of'sdch semiconductorsf Moreover, the method is alsb ap-
pliéable to the study of bare semiconduct@r surfacesf This is particu-
larly interesting because of the péssibility of'using the technique to
investigate surface annéaling and surface reconstructionf However, al-
though SHG is forbidden in the bulk, it is not strictly zero owing to
the nonvanishing electric~quadrupole and magnetic-dipole contribution.
To study surfaces by SHG, we must be able to distinguish the surface SHG
.signal against the background signal from the bulk. This is obviously
more difficult than in the absorbate case where the background signal
comes from the substrate and the surface coverage of absorbates is vari-
able. By proper polarization arrangements, the anisotropic part of the
surface and bulk contributions can actually be determined separately.15

A. Surface versus Bulk Contribution in SHG from Si Surfaces

We discuss here the measurements that allow us to compare surface
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and bulk contributions to SHG, using Si as an example. As stated in Eq.
(2), the effective nonlinear polarization for surface SHG consists of a
surface term and a bulk term. For a cubic mediﬁmrunder the excitation

of a single plane wave, the bulk nonlinear polarization has the form

PE2) = Y9 (E(w) » E(w)] + gBy(w)V5Ej(w) (20)

where J's are taken along the [100] axes. In Eq. (20), Y describes the
isotropic contribution and r the anisotropic contribution. The form of
the surface nonlinear polarization,$§2)'= ?éZ),Eﬁ depends on the sur-

- face chosen.  For the (100) surface, it is identical to that for the

; with y(2 (2) L2 o (2]

2) : af o(2) 1
X$5yzy belng the only nonvanishing elements of .. For the (111)
surface, the 3m symmetry allows additional elements x(2) = - y{2)

3m symmetry - Xéfass 632
= = xé?%&n to contributé.. Here, é is along the projection of a (100)
axis on the surface and n is 90° from E in the surface_pléne, It can _
then be shown that the surface SH signai S has the following functional

dependence on the angle of rotation of the sample about its surface nor-

mal
S = |a + BE(Y)|2 | (21)

where y is the angle between the lab x-axis and a chosen [100] crystal
axis in the surface or its projection on the surface.
The detailed expressions of S for the various surfaces can be ob-

tained from Eqs. (3) and (6).27 Their characteristic features, however,

i
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can be easily derived from simple physicei reasoning, (1) £ly)
should reflect the structural symmetry: it exhibits a 3-fold symmetry
for the (111) surface and a 4-fold symmetry for the (100) surface. (2)
A and B are censtants depending en the'surface chosen and the input and
_output beam polarizations end directionse A reeresents the isotropiec

contribution and is a linear combination of the isotropic elements of

Z)ff defined by P §2)ff = xéz fet tE(w)E(w), or more correctly,

" a linear combination of xé -, Xé -, xé %xzx» G» and

Xé,gggf The B term describes the anisotropic contribution, and there-

fore, the constant B is a linear combination of only the anisotropiei;

susceptibility elements xé e and ¢. (3) Since the (yxx)._(yxz).

(yzz) elements of .the isotropic.x Z)ff are all zero, we have A=0 1f

, the laser input is p-polarized (in the 2 -2 plane) and the SH output is-

s-polarizedf (4) For the (1QO) surface, xé'aggidoee not contributevto

S, and B depends only on ¢. From the above description, it can be seen

that by using various combinations ef input and outputvpolarizations, one

should be able to deduce from the measurements of SHG the nonlinear sus-

ceptibility elements xé?%zz - v, Xé?%xx -y, Xé?%zx» z, and

Xé:ggg They are generally complex quantities; their phase factors

can be determined separately by measuring the phases of the SH outputs.
The measurements have actually been carried out on silicon.15 ‘The

samples were etched and polished by Syton, and exposed to air during the

measurements. It was expected that a thin layer of silicon oxide might

exist on the surfaces, but it should be amorphous and its nonlinearity

smallf Part of the experimental results of SHG as a function of ¢ ob-

“tained by a 0.532 um p-polarized pump laser from the (111) surface are

Rs Y
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shown in Fig. 8 as an example. In Fig. 8a, the SH output is s-polar-
ized; hence, A = 0 in Eq. (21), and the 3-fold rotational symmetry re-
flected in f(y) appears as a 6;fold symmetry in S. 1In Figf 8b, the out-
put is pfpolarized. With a 45° incident anglegvit happens that A = B in
Eq. (21). Consequently, S exhibits a 3-fold symmetry with only three
peaks. As seen in the tigure; the exﬁerimental curve can be fit very
well by theory, and thereforé, the deterﬁination of the nonlinear sus-
ceptibility elements can be quite accuratef By measuring the p-polar-
ized and §-polarized SH outputs for both p— and 8-polarized inputs,
and in addition, the §~polarized outbut for an input with mixed polar-
ization, we whould have sufficient measurements to determine all the

five nonvanishing elements. Thevresults are2?

xézzzz -~ Y= 55;'exp(-:1120°)

zgxx’; Y = 3-{C'exp(-‘150°)

x§3)zy = 5.15"exp(~ 1148°)
ézégg = 1.6;'exp(122°)

where ' = [w/c(ky, + kg,)]g = 0.138zexp(~ 135.6°) is the effective sur-
face nonlinear susceptibility arising from the bulk nonlinear optical
constant g.
/ 2 ; ‘
The above result shows that |x§2%xx - Y] - lXé,;zx|° Since we

expect from Kleinman's rule that |x§22xx| - |x§2 le' we can con-
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clude that Y is at most of the same order as |X§2%xx . Thus, we have
_ , v

for the surface nonlinear susceptibility elements, |x§2%zz| >
. H
|X§?%xx|, |X§?%zx| > Ixéeggglf This can be understood from the
fact that the_surface layer has much higher asymmetry in the surface

normal (2) direction than in the surface plane. Although the anisotro-
pic element Xéggga is relatively smail, it can still contribute as |
:much as Xé?%zz to the SH radiationf The higher efficiency of Xé?ggg
comes from the larger Fresnel factor for the fields parallel to the
surfacef In comparison with the bulk anisotropic'contribution, the
surface term also dominates because of the higher radiation efficiency
even though lxé?gggl - Je'].

We should remark that the above experiment was carried out on sample
surfaces exposed to air. Consequently, the surface layer should include
an amorphous silicbn oxide overlayer. However, a separate experiment
had shewn that SHG from fused silica is at least two orders of magnitude
vweaker than the one‘from a Si surface. 'Thus, the contribution of the
silica ovérlayer to ‘the overall SHG from Si should be negligible, The
Si0,/s4 interface is certainly different from the vacuum/Si interface.-
for a bare Si surface. As we shall see later, the oxide layer actually
decreases the SH signal from Si.30

B. Probing Phase Transitions on Semiconductor Surfaces

We have seen that SHG as a function of sample totation ¢ about the
surface normal can reflect the structural symmetry of a sample. If the
contribution from the surface layer dominates in the SHG, then the me-

thod can be used to probe the structure symmetry of the surface layer.

Shank et al.3! have actually employed the technique to study the dynamics
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of laser-induced melting. A femptosecond laser pulse with sufficient
energy for laser-indu;;d melting was first impinged on a Si(111) sur-
face. Another femptosecond pulse with adjustable time delay was then
used to generate SH from the irradiated surface. When the surface was
not yet melted, the SH signal exhibited a 3-fold symhetry with respect
to ¢. After the surface was melted, the SH signal became isotropic in
¢. From ;uch a measurement, tgey were able to conclude that it took = 1
psec for the Si(111) surface to melt when excited by a 90-fseé laser
pulse of 0.2 mJ/cm2 at 6200 . ﬁsing the same technique, Akhmanov et
al. have investigated laser-induced melting of a GéAs surface.32

More recently, Heinz et al. have uséd SHG to probe the structural
change of a bare Si surface.33 A freshly cleaved Si(111) surface in
vacuum {s known to reconstruct to.form a 2 x 1 structure as seen by
low—-energy elecfron diffraction (LEED). After annéaling, it is expected
tovchange to a.7 x 7 structure. The 2 x 1 structure should yield a 2~
fold symmetry in the SHG as a furiction of ¢, while the 7 x 7 structure
should lead to an isotropic_variation. This is indeed what was
observed. The fact that SHG can distinguish different surface struc-
tures opens a new area of surface studies: Since SHG is a proceés with
an instantaneous response, we can use it to study the dynamics of tran-
sition from one surface structure to another with a time resolution only
limited by the laser pulsewidth.

C. Monitoring Adsorbates on a Semiconductor. Surface

Atomic or molecular adsorption on Si and Ge can also be monitored by
SHG. The sensitivity is quite high in the case of chemisorption. It is

known that dangling bonds exist on clean Si and Ge surfaces. Because of
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asymmetry, these bonds are highly nonlinearf As a result, SHG from bare
Si or Ge is dominated by the surface contribution. When adsorption
quencheé the dangling bonds, the surface nonlinearity should decrease
accordinglyé )

We consider here oxidation of a Si(111) surface as an examplef3°
The experiment was carried out on a Si(111) wafer in an ultrahigh vacuum
chamber., It conﬁained - 1015/¢cm3 phosphorous impurities. The sample
surface was cleaned by heating at 1000°C for a few minutes. The appear-
ance of a 7.-x 7 LEED pattern was takén aS a sign of hominal cieanliness.
SHG from the Si'surface was -then measuredkwitb a 0.53 um laser excita-
tion. Soon afterbthe surféce'was_exposed tp.Oz, the SH signal de- |
creased. Figure 9 shows SHG as_a function of 02 eiposure in Laﬁgmuir'
units»(j L = 10’6,;orr—sec)f. It is seen that at room temperature after
-~ 90L, the signal drobs to a saturation level of —.55$ of the initi;l,
value. This séturation is an indication of the completion of a moholay—
er of O~atom coverage. Indeed, pbevious studies have established that
at room temperature, Oy chemisorbs to Si(111) and forms a monolayer at
- 100L,3% ‘Thus, the result élearly depicts the submonolayer sensitivity
of SHG for detecting oxygen adsorption.

At high temperatures, oxygen adscorption can persist beyond one mono-
layer to form multilayers of amorphous silicon oxides, However, since
‘quenching of the dangling bonds is already complete, and the additional
oxide layer has much lower nonlinearity, adsorption beyond one monolayer
{s not expected to change the SH signal significantly. This is seen in
Fig. 9. At 800°C, a ~ 30L of oxygen exposure, corresponding to ~ 1 mo-

nolayer of oxygen coverage on Si(111) as calibrated by Auger spectroscopy
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decreased the SH signal by -~ 55%. With TZOL of exposure, the surface
oxygen increased to 2 monolayer equivalents, but the signal changed only
from - 55% to ~ 45%. Further increase of surface oxygen to 4 monoiayer
equivalents left the signal esséntially unchangedf This clearly sug-
gests that SHG is dominated by the first ﬁonoiayer of chemisorbed
oxygen. - | |

We can also use SHG to monitor thermal désorption of oxygen from a
Si surface. When a Si surface with 2 monolayer equivalent; of chemi-
sorbed oxygeﬁ was kept at 800°C in UHV, the SH signal first increased
rapidly to - 50% of the clean value, corresponding to the desorption of -
the first oxygen monolayer, and thereafter,.increased 5 times more slow?
ly to the full c¢lean value, corresponding to ﬁhe desorption of the last
oxygen monolayer. This result is éxpected from thelhigher binding
eneréy for the,chemisorbed-oxygen that Quenchesva dangling bond.

The SH signal from the noﬁinally‘cleah Si(111) surface was found to
decreaée as the temperature was raisedf At 8006C'it dropped to -~ 50% of
the room-temperature value. This change cannot be exp;ained by the tem~
perature dependence of the optical properties of Si. The Auger spec-
troscopy indicated that iﬁ was correlated to the éegregatioh of the
phorsphous impurities to the surface at room temperature and their
diffusion back into the bulk gt high temperatures. This suggests that
SHG would increase with the surface coverage of P. However, because the
sample contained only 1015/cm3 of P impurities, the surface coverage of
P could not be more than 2% of a monoiayer. If the SHG could indeed re-~
spond to such a small number of surface P atoms,.it would be most inter-

esting to see whether this is also true for other impurities in Si and Ge.
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VII. STUDY OF ADSORBATES ON METAL SURFACES

The high electron density_gradient at a metal surface often leads to
a large subface nonlinearity. As a result,‘SHG from a metal surfacevis
generally much stronger than that from an insulator surface. Atomic or
molecular adsorption may modify the surface electron distribution and |
change the surféce nonlineafity.‘ Alternatively, thg adsorbates
themSelves may contribute signifi¢antly to the surface nonlinearityf In
either case, the change in the SH signal can be used to monitor the pre-
~ sence of adsorbates and therefore, as a means to study the adsorbates.
We have already seen in Sect IV that the adsorption of C& and
pyridine on an Ag electrode in an electrolytic ﬁolution can be dete;ted
by SHG. 1In both cases, ;he SH signal increases with the surface co;ér-
age of adsarbates. It is not yet understood\wby this is so. Clearly?
results of SHG from the same adsorbates on a wéll-characterized Ag.éué—
face,‘n;mel&. a crystalline Ag surfacé in‘UHV,.will be very helpfuif"
Unfortunately, this has not yet been done. Here, we shall discuss in-
stead the case of étomic and molecular adsorption on a transition metal
surface, Rh(111), studied by 'SHG.15 |

Transition metals are important . in surface science because of their
functions in catalytical reactions. We consider here adsorption of 05,
CO, and alkali metals on Rh(111). They are related to the catalytical
reaction of hydrocarbon formation and oxidation, and have been studied
to some extent by other techniques. They can therefore be used to gauge
the potential of SHG as a UHV surface probe.

The experiment was conducted on a Rh(111) sample situated in a UHV

chamber that was equipped with LEED, Auger, and mass spectrometer probes.
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The base pressure of the chamber was 2 x 10‘10 torr. The sample surféce
was cleaneé with cycles of Ar*t spu&tering, heating at 200°C in 2 x 10~7
torr Of 02, annealing at 900°C in vacuum, and then flash-heating to
1000°C. The cleanliness of the surface was checked by Auger spectros-
copy. Before an experiment, the sample was flash-heated to.1000°C again
to remove CO adsorbed from thé Sackground and C and O deposited by the
dissociation of CO during the Auger probing.

Af Adsorption of 0, and CO on Rh(111)

In Fig. 10, we show how the SH.signal from the Rn(111) surface at
315°K changes a$ a function of. exposure t0'02,' The signal drops mono=-
tonously from the bare metal value to the finél 12% level at - 1f8L:of
02. As a calibration of thé oxygen surface coverage, it is known that a
saturated dxygen overlayer leads to a 2 x 2 LEED pattern,35 which was
observed at - 20L. Thus,vthe suﬁmonolayef sensitiiity.of SHG to ﬁhe
oxjgen adsorption to Rh(111) is apparentf Since dxygen adsorbs to Rh in
the atomic form,36 this result shows that SHG can be used to monitor ad-
sorption of atomic épecies on metals._

The experimental data in Figf 10 can be fit by a theoretical calcu-
lation bésed on a model assuming noninteracting adsorption sites. Fol-
lowing this assumption, the surface nonlinear susceptibility of Rh with

adsorbates can be written as

x§2) - A + Be/6g | (22)

where A is the bare metal contribution, B is a constant, 8 is the frac-

 tional surface coverage of oxygen with respect to Rh surface atoms, and
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85 is the saturation value of 8. The adsorption rate should be governed
by the Langmuir kineties.36 If the desorption'rate is negligible, as in

the present case, we have

de . .
T kp(1 = 8/8g) , | (23)

where x is a constant accounting for the sticking coefficient, and p is

the oxygen pressure. Equation (23) yields
8 = 8g[1 ~ exp(~ xpt/8g)]. (28)

The SH signal is proportional to [x§{2)|2, and therefore has the form ke

-Kpt/es|2

1 +'%'--% e N (25) =

Taking B/A and «/8g as adjustabie parameters, we can use Eq. k25) to fit
the experimental data very well, as seen 1in Fig. 10. We find B/A =

1.03 exp(i?60°) and x/8g = 0.93L. That the Langmuir kinetics indeed ap-~
pears to describe the oxygen adsorption process confirms the earlier re-
sult of Yates et al. in their experiment using Auger spectroscopy as a
probef35 Our value 0.93L for «/8g is in fair agreement with their value
0f76L, considering the limited accuracy of the ion gauge used . in the
measurement of p. The constant « ié related to the sticking coefficient

a by

K = (a/ns)(RT/zﬂMg)T/zng (26)
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where nNg is the surface density of adsorption sites, R is the gas con-
stant, T is the temperature, Mg is the molecular weight of the gas, and

ﬂg is the density of the gas. If the adsorbed O atoms form a 2 x 2 sa-

turated overlayer,35 then 65 = 0.25 and the measured value of x/8g

yields a - 0.5. It is also possible that the adéorbed 0 atoms -actually
form 3 docmains of 2. x 1 overlayers with 8g = 0.5;36 acéordingly, the
sticking coefficient will be close to 1.

The SH signai-also decreased rapidly upon adsorption 6f CO on
Rh(111), as shoén in Fig. 11a. In this case, the (Y3 x ¥3)R30° LEED
pattern corresponding to 8 = 1/3 appeared at jﬁZL of CO and the split-
(2 x 2 i:a_tt'ern corresponding to 8 = 85 x 3/4 appeared at ~ 11L of 03.3% We
can then use the LEED patterns as.the calibbétion pointé‘to:convert the
curve in Fig. 11b.to'SHG versus surface coverage of CO. The result ex=
hibits a‘rather’gudden change in.ﬁhe slope at 8 = 1/3. This suggssts
that the CO adsorption sites on Rh may be different for & < 1/3 and.e >
1/3. Actually, previousvstudies37 by electron energy loss spectroscopy
have already established that CO édsorbs to Rh(111) on the top sites if
8 < 173, and on both top and bridge sites if 8 > 1/3. Assuming nonin-
teracting adsorption sites, we can write the surface nonlinear suscepti-

bility as
x§2) = A + Bo/6g for 8 < 1/3

= A+ B/38g + C(8 ~ 1/3)/8g for 1/3 < 8 < 3/4 (27

" where A is the bare metal contribution, and B and C are constants charac-
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terizing the contributions from CC adsorbed at top and bridge sites, re-
spectively. With B/A and C/A taken as adjustable parameters, thé‘ex—
pression fdr the SH signal, S « |x§2)|2 following Eq. (27),caﬁ describe
the experimental data very well as seen in Fig. 11b. The result indi-
cates. that SHG as. a surface probe can even be site—specific.

One may ask why the SH signal from Rh(1115 should decréase,upon ad-
sorption of O, or CO. This can be understood from the following reasan-
ing. The surface nonlineérity of a metal is often dominated by the de-~
localized electrons at the éurface. It is rélatively-high because of
the high surface electron density and its strong gradient'along the. sur-
féce'normal.38 Oxygen and CO are electron accéptors. Their adsorption
on a metal surface would lbcalize pért of thevdelocalized eleétrons. As
a result, the¢surface non1inearity would decrease as long as the
édsdrbed specieS‘is'less ﬁonlinear than the metal surface. If this
is true, we should anticipate an inérease in the surface nonlinearity
with the adsorption of electron donors on'a metal. Alkali atoms are known
to be effective electron donors.. It is therefore interesting to see how
SHG varies with the adsorption of alkali atoms on Rh(111).

B. Adsorption of Na, K, and Cs on Rh(111)

Alakli atoms are also known as promogers for catalytical reactions.?
Their ability to improve the performance of catalysis on metal surfaces
is directly related to electron donation. For example, in the case of
CO on Rh, the back donation of electrons from the metal to the 21* anti-
bonding orbital of CO weakens the CO bondf This is the basis of cataly~
tical reactions involving CO on Rh; The adsofption of alkali atoms on

vCO/Rh further enhances the back donation of electrons and promotes the
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catalytical reactions. ‘

We should eﬁpect the delocalized surface electfon density on Rh(111)
to increase upon adsorption of alkali atoms, and consequently, the sur-
face SHG ﬁo increasef Ihdeed, as shown in.Fig. 12, the observed SH
signal from Rh(111) rises sharply when only a small fraction of a mono-
layer of Na, K, or Cs appears on Rh.. One monolayef here refers to the
hexagonal close-backed structure monitored by LEED with es ; 0,5 for Na
and 85 = 0.35 for K and Cs. For 0.3 5_6/93 £ 2, the curves in Fig{ 12
show a rather complex behavior. In this region, the adsorbed alkali
atoms are ﬁresumably neutral; they interact and gradually form a metal-
lic film.39 The plasmonlfesonance frequency increases from one associ-
ated Qith electron—enhénced transition metal surface‘to that of the pgre
‘alkali metal surface.0 The variatioﬁ of the SH signals in Fig. 13 is
belie?ed to be due ;q the‘dispérsive effecﬁ ip.the SHG as wp swéePS over
the fundamental and seéoﬁd—harmonic frequencies. ‘For B/BS»Z 2, thevSH
signal from the alkali-metal-covered Rh(111) is essentially constant.
This indicates that SHG is now dominated by the two surface monolayers
of alkali metal. It is therefore another demonstrationAof the surface
specificity of SHG. Since Cs is better than K, and K better than Na, as
a free-electron metal, the SHG from the alkali metal surfaces is expect-~
ed to have the signal strength follow the same order. This is confirmed
in Fig. 12.

One may find it surprising that the SH output in Fig. 12 increases
by 100 times when only 1/3 monolayer of alkali atoms is adsorbed to the
Rh(111) surface. The adsorbed alkali atoms could not have increased the

surface electron density by 10 times. Therefore, the increase of the
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surface nonlinearity must not result only from ﬁhe change in the surface
electron density. We believe that the adsorption of individual alkali
atoms on Rh allows electrons tobmove quite freely bethen the atoms and
the surface, and thus create a giant nonlinearity on the surface.

C. Co-adsorption of CO and Na on Rh(111)

As we already mentioned, the adsorption of CO On Rh(111) should be
affected by the préadsorption of Na on the surface. This can also be
monitored by surface SHG. Figure j3a shows how the SH signal varies
with the CO exposure in the presence of 0.6 monolayer of Na on Rh(111).
In comparison with the curve in Fig. i1a-for CO exposure of clean
Rﬁ(111), we notice that the cufve in Fig. 13a starts with a step and
then drops more sharply. It suggests that there are three different
adsorption sites for CO: the top site, the bridge site, and a site next
to Naf”1 These three sites should of course have different-bindihg
energies which can be estimated from the thermal desorption'temperatures
of the CO species. In the desorption expefiment, the Rh(111) surface
was first covered by 0.6 monolayer of Na and then saturated by CO. The
sample was then heated up to effect the desorption of various species.
Figure 13b deséribes how the SH signal varies with the surface tempera-
ture. The curve shows that four different species seem to have Deen de-
sdrbed in the process. This is seen more clearly by comparing the sig-
nal levels of Figs. 13# and 13b at various points. The four species are
CO at the top and bridge sites (desorbed between 200 and 400°C and be-
tween MOOAand 500°C), CO at sites next to Na (desorbed between 500 and
606°C), and Na (desorbed.between 600 and 800°C)f “Above 800°C, the

Rh(111) surface appears to be clean. We should also remark that SHG here
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responds to what is still left on ﬁhe surface in a desorption process.
It could therefore be a useful complement to the well known thermal de-
sorption spectroscopy.

The preadsorption of N& on Rh can block off the adsorption sites for
C07“1 This 1is most easily seén when the Rh(111) surface is first co-
vored by;a monolayer of Na and the SHG is then used to monitor the CO
adsorption as a function of CO exposure. Figure 1“ shows that even
after 1000L exposure, the SH signal décreases by only 20%4. In contrast,
the SH signal in Fig. 11a drops to less than 40% after only 1L exposure
of clean Rh(111) to CO. Thé result is a clear demonstration that CO ad-
‘sorption on Rh(111) is indeed effectively blocked by the preadsorption
of Na. In another measuremen;, we found that a preadsorption of 1.3
monolayer of Na on ﬁh(111) could COmpietely block off the adsorption of

CO as the SH signal became absolutely independent of the CO exposure.

VIII. CONCLUDING REMARKS

There are clearly many other surface science problems that can bé
studied by SHG. For example, one can use SHG to measure the orientation
of surfectant molecules at air/liquid, liquid/liquid/ and air/solid in-
terfaces, 42 to proﬁe two-dimensional orientational phase transitions, to
study epitaxial growth and ﬁhe formation of solid/solid interfaces, to -
monitor surface reactions, and so on. .Evidence is mounting the SHG is
indeed a powerful tool for surface studies. This is especially true
considering the fact that few existing surface probes can be used for
in-situ measurements on surfaces outside a vacuum chamber.

Among the numerous advantages that surface SHG can offer, the most
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attractive one is the time resolution, which, in principle, is limited
only by the lasér pulsewidth. With femptosécond_laser pulses, we could
 now study changes on a surface with a femptosecond kime resolution.
This is most exciting because the method would allow us to investigate
many interesting and important problems of surféce dynamics. So far,
limited by techniques, surface science research has not made much pro-
gress in this'important subarea. Hopefully, surface SHG could modify
the trend. |

The major-disadvantagevof SHG as a surface tool is the lack of spec4
tral»selectivity. As we discussed in Sécf VA, the technique can be useq
to phobe the electronic transitions of molecular adsorbatesf However, &
tﬁe spectral widths of these transitions are-ofteh too broad to be use-

- ful in distinguishing different adsorbed épecieé of simiiar structuresf
_Extension of the technique to sum-frequency generation with a tunablé
infrared laser exéitation is cle;rly the solution since.the‘vibrational-
modes of the adsorbates can then be probed. Unfortunately, the tunabil-
ity of medium-power pulsed lasers in.the infrared is still quite
limited. It ié particularly difficult to achieve in the far-infrared
range (> 10 um) where many molecular vibrational modes happen to be.

The situation can hopefully be changed when the infrared free electron
lasers become operative.

Another difficulty of SHG as a surface tool is the lack of theoreti-
cal understanding of the surface nonlinearity. It is not yet clear to
us how the microscopic properties of various surfaces are related to
their surface nonlinearities. _Such an understanding would be most help-

ful in making SHG more effective as a surface probe because we could then
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ﬁse SHG to study,.for example, how the surface electronic properties are
changed even during the adsorption of atoms of molecules. This is un-
doubtedly a very challenging problem. Its solution would proably re-

quire a close collaboration between theory and experiment.
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FIGURE CAPTIONS

Fig. 1 A three-layer systém representing the interface between two
bulk media. A

Fig. 2 Experimental arrangement of second harmonic generation from a
surface.

Figf 3 Second harmonic generation from a smooth Ag surface (lower
rcurve) and from a roughened Ag surface (upper purve) as a funec-
tion of input laser power. The quadbatié power dependence of
the output on the input is characteristic of the second harmonic
genera;ion.processo |

Fig. 4 Current and diffuse second harmonic signal as functions of time
during and after anbelectrolytic cycle. The Qoltages listed on
the lower curve are the potential of the Ag electrode with re-
spect to a saturated calomél electrode, OfOS-M pyridihe was
added to the 0.1 M KCZ-solutioh following the‘completion of the
electrolytic cycle.

Fig. 5 Resonant second harmonic generation in rhodamine 110 and rhodamine
6G. (a) Indicates the resonant process in the two dyes with energy
levels corresponding to fhe absorption line centers for the mole-
cules dissolved in ethanol. (b) Shows the experimental SH spectra
in the region of the Sy > S, transition for submonolayers of
the dye molecules adsorbed on fused silica. |

Fig. 6 Structure of b-nitrobenzoic acid (PNBA) as a free molecule (a) and
in its chemisorbed form (b).

Fig. 7 Isotherm for adsbrption of PNBA on fused silica out of an ethanol

solution. The results were deduced from the SH intensity under
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Fig. 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

Fig. 14

49
s-polarized excitation at 532 nm.
Second harmonic radiation from a Si(111) surface versus angle of
rotation about the surface normal for p-polarized input excita-
ﬁion and (a) é—polarized output, and (b) Pp-polarized output.
The dashed curves are theoretical fits to the experimental re-
sults (solid curves).
Second harmonic generation during oxidation of Si(111) surface
at room Temperature (RT, ___) and at 800°C (—-). |
Second harmonic generation from Rh(111):during 05 exposure.
— exﬁerimental result, —-, theoretical fit.
(a) Second harmpdic generation from Rh(111) dur;ngFCO exposure.
LEED patterns were observed at the exposures notedf (b)‘Second

harmonic generation from CO/Rh(111) as a function of CO fractional

'coverage. Circles are experimental points and the solid curve is

a theoretical fit.

Second harmonic generapion from Rh(111) versus surface covarage of
Na, K, and Cs. The laser excitation was at j.06 um.

Second harmonic generation from Rh(111) predeposited with 0.6
monolayer_of Na, (a) during CO expésure, and (b) during the thermal
desorption process after the surface was exposed to =~ 15L of CO.
Second harmonic generaﬁion from Rh(111) predeposited with 1 mono-

laygr of Na as the surface was exposed to CO.
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