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The deposition of Ga on clean Si(111) has a strong effect on Ihe optical second harmonic generation from this surface. By 
measuring both intensity and phase of the SHG signals. a resonant enhancement is observed around 1/3 of a monolayer f~r 
excitation with 1064 nm. This enhancement is absen{1 (or 634 nm excitation. These observations are related 10 the electronic 
structure of the Si-Ga interface. 

1. Introduction 

Second-order nonlinear optical techniques like 
second harmonic generation (SHG) have .recently 
been developed as extremely versatile and sensi~ 
tive 'surface and intertace probes [i,2], The.se so
called HepiopticH [31 probes have some'oaefinitive· 
advantages: . they are applicable to any' interface 
accessible by light. including those between dense 
media [4}, while their high temporal resolution 
allows in situ monitoring of surface dynamics 
[5- 7]. For the development and application of 
SHG for interface studies, a better understanding 
of the nonlinear sources and the relation between 
the electronic structure of surfaces and interfaces 
and their respective nonlinear optical responses is 
required. For this purpose studies of model sys
tems are particularly useful. The deposition of Ga 
on Si(lll} between 0 and 1 monolayer is studied 
here using SHG as an in silu probe. By measuring 
boOth intensity and phase of the SHO° signal, a 
clear resonant structure near 1/3 of a monolayer 
is found, for 1064 nm excitation. These results 
show ho\': SHO can be successfuJly employed to 

• To whom correspondence should be addressed. 

study the electronic structure of semiconductor
metal interfaces. 

°2. Theory 

. SHG anses from the nonlinear potari/ation 
P(2c.» induced by an incident laser field E(w). 
The surface allowed dipole contribution can be 
written as: 

(1) 

where X(2} is second-order nonlinear susceptibility 
tensor reflecting the structure and symmetry prop
erties of the surface layer. [n principle, the large 
field gradients normal to the surface can give rise 
to higher order bulk nonlinear polariiation. How
ever, for clean Si surfaces using 1064 Ilm excita
tion. it has been shown experimentally that these 
bulk contributions are negligible [3). Expressions 
for the total second· harmonic fields from the 
(001). (110) and (111) faces of cubic centrosym
metric crystals have been tabulated {S)_ Ap
propriate choice of experimental geometry and 
polarisation vectors then allows structural infor
mation to be deduced. 

0169·4332/91/S03.50 D 1991 Elsevier Science Publishers B.V. (North-Holland) 



2 P. v. Kefl), et al I Optical second harmonic generation from Ihe Sir III )-Ga inler/ace 

For a crystalline surface of 3m symmetry .ex
ciled by a single n~polarised pump beam at 
rrequency w, the total SH fields are given by 

£,p(2w) - f~Xxx.\; sin(3cp)Ep (w}2, 

(2a) 

(2b) 

EpJ2w) - [!,X·.!xx + f4Xxx~'C. cos(3<p)] Es(w)2, 

(2c) 

pressure remained below 10- 7 Pa during deposi
tion onto the substrate, which was held at 850 K. 
The sample was allowed to cool prior to SHG 
rneasurcments. The flux from the Knudsen cell 
was calihrated using a quartz crystal monitor and 
the Si(lll){3 X {3 -Ga LEED pattern was ob
served to be best developed at 1/3 monolayer 
coverage, as was expected from previous work 
[121.(:\ Q~switched Nd/YAG laser was used for 
the 'SHG experiments at 1064 nm, incident at 

where Em.n indicates the m-polarised SH response 67,5 0 to the sample normal. The pulse length was 
for a n-polarised pump beam. the /; are Fresnel 15 ns at 20 Hz repetition rate. A dye laser, pumped I factorfs· cp is the angle between the x-axis (paral- by the frequency doubled output of the Nd/YAG 

. lel to (112» and the plane of incidence. and z is laser. was used for excitation at 634 nm. Laser 
along the surface normal. Xnx is the anisotropic pulse energy was maintained below 1 kJ m-I to 
and X:xx the isotropic surface contribution. In avoid any laser-induced desorption or damage ef-
general, the susceptibility components are com- fects. The SH intensity is typically a few photons 
plex: Xijk ~ I Xijk le i9• In the absence of reso- per pulse at these energy levels and can be 
nances, the phase ~ 0 0 or 180 0

• Eqs, (2) show calibrated by inserting an x-cut quartz plate in the 
the sensitivity of SHG to surface symmetry, which input beam and observing the Maker fringes [131 
has already been applied successfully for the study produced by SHG in the bulk of the quartz. This 
of surfaces [9], buried interfaces [4JO], melting [5] calibration technique has the advantage that 'the 

. and steps [Il} on Si. In the case of a Si-metal experimental geometry, and hence system sensitiv-
interface, the effective susceptibility can in general itYJ remains unchanged. 
be written as: The phase of the SH signal was measured by 

= + + (3) ' . .inserting a. quartz plate in the. output lin~ and 
Xd( X~i. XM" .. XSi:-,M' . . . . -, traversing it along the beam, while monitoring' the 

. --w~~re XM' refers to the:rcspo~s_e,o(,the meta(a-n~:r" '. ~omb~ned SH jnie~sity from' the sample and the 
XSi7M to ~he Si-M interface .. These contributions . q'uattz .. The'dispersion in air of ' the rundamental 
all depend on the metal coverage and. because thi~ and SH signals produces a variation in the optical 
dependence can vary for the different tensor com- path length of the two SH signals. allowing their 
ponents. (he overall response will. be complex, phase difference to be measured (14'). 
However, eq, (2) shows that by choosing 1= 30 0 

and a proper combination of input and output 
polarizations, the X.n:x and X:xx components can 
be measured independently, which is particularly 
useful for coverage dependent studies, 

3. Experiment 

The. experimt;nt \vas c~rrie4. .o'ut in a UHV 
cha~ber equipped \vith conven.tlonal diagnostics; 
Gallium was evaporated from a Knudsen c.eH onto 
the dean Si(111)7 X 7 surface. as determined by 
low energy electron diffraction (LEED) and Auger 
electron spcctroscopy (AES), The system base 
pressure was better than 8 X 10-9 Pa, ancl the 

4. Results and discussion 

As SHG from clean Si(lll) surfaces using 1064 
nm excitation is known to have negligible contri
bution from bulk higher order terms [3}, and the 
SH intensity from the Si(111)-Ga system (figs. 1 
and 2) is comparable to. or bigger than, the clean 

" .s.!l(~ace response, it f<?lIo~vs that the ~~G signal. 
. :. origiriates from the. surface and interface .0nlY. 

For 1064 nm excitation, fig: 1 shows the inten
sity variation I X,'CXx I 2 and phase shift as a func
tion of coverage. Fig. 2 shows the corresponding 
data for X ... x .. c The. variation in phase indicates 
that the response is close to an electronic reso-
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Fig. 1. SH inlensity (e) (or p.polarised input and s-polarised 
output and phase shUt (0) for s-poJarised input and output. as 

a (unction of Ga cO\'erage. for 1064 om excitation. 

nance at either CA> or 20,). Previous work has mea
sured (he work function change on Ga adsorption 
on Si(l1l)7 X 7 to be only 0.1 eV (12J which 
makes a significant work function contribution to 
the variation of SH intensity with coverage un
likely [IS}. 

To analyse the coverag~ dependence of these 
SHG signals a simple linear model can be used as 

a first appr9xima;~~n. The T~sp~nse <?{. t~~ ~le~n. ~~ 
surfa'ce is assumed to d~crease ltnearly WI*tl cover· " 

whereas the' Si-G'a response ,.wHf increase 
cbrrespondin~IY:' In 'ihis si~ple model there is no 
melallic Ga component in the submonolayer 
coverage region", An analogous model has been 
applied to SHO from the si(jlj)-Ba system by 
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Fig. 2. SH intensity (e) and phase shift (0) for s-polarised 
input and p-pofarised output, as a function of Ga coverage, for 

1064 nm excitation. 
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excitation, 

Hollering et aL [16], The total response of the 
system, as a function of Oa coverage, 8, can be 
written as; 

I X I e i9 (1 - 8) I XSi f eiQ(Si} + 0 I XGa I eiQ(Ga), 

(4) 

where Ga refers to the Si-Oa interface contribu
lion. The experiments measure I X J 2 and the rela
tive phase), f 1>(Ga) - q,(Si)J. Some aigebraic 
ma~ipula(i~n allows I XGil I to. be expressed in terr~~ 

'of these m~asur~d quantWes. Results are shown In 

. figs. 3 .ind 4. r.t, ,is inferestil1g (0 see (~at both 
cqm'ponents now clearly reveal a. peak around the' 
1/3 monolayer region, strongly suggesting reso
nant enhancement. At this coverage the Si(l11) 
If3 X 13 -G a structure was seen by LEED i,n 
accordance with earlier work (12J, The electromc 
structure of tills syslem, determined by angle-re-
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Fig. 5. SH intensity for p·polarised input and s-polarised 
output, as a function of Ga coverage, for 634 nm excilation, 

solved photoemission and inverse photoemission 
(17J, reveals suitable levels separated by 2.3 eV, 
the energy of the SH photon for 1064 nrn excita
tion, and so it is likely that the enhancement is 
due to a 2w resonance. 

While these phase measurements reveal the 
presence of an electronic resonance. to do real 
spectroscopy with SHG the excitation frequency 
should be varied. Preliminary results using 634 nm 
excitation show completely different behavi~ur. 
No phase shift is observed and the SH intensity 
increases monotonically in the submonoJayer reg-

. ,ime, as shown in fig: 5. Previous .wor:k ~as $hown" ..... 
,.' tha'( SHG (ro'm ~i(lll)ix 7 'is enhanced with·. 

1064 nm' excitatibn. but no'( with 634 nm excita: 
tion fI8}: Thes~ combined results show that the~e 
is no resonan/{ enhancement associated with the 
Ga adsorbate for 634 nm excitation, in contrast to 
the 1064 nm behaviour. 

5. Conclusions 
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