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Optical second-harmonic generation from Ag quantum wells on Si„111…737:
Experiment and theory
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Optical second-harmonic generation is shown to be an excellent probe of quantization effects in metallic
quantum wells. This technique allowsin situ monitoring of samples during growth in ultrahigh vacuum, and in
contrast to linear spectroscopy it is not limited by screening processes. As a practical demonstration, the
thickness dependence of the second-harmonic signal recorded during growth of Ag on Si(111)737 is pre-
sented. The recorded signals show clear oscillations with the film thickness, and the positions of maxima shift
towards lower coverage with increasing pump frequency. The essential features of the experimental results are
well described by a simple model treating the Ag film as a one-dimensional quantum well. It is demonstrated
that excitations from localized quantum well states into states coupled to the Si conduction band continuum are
responsible for the main resonances in the nonlinear signal.@S0163-1829~99!52044-4#
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Semiconductor quantum well~QW! structures play an in-
creasingly important role in fabrication of new devices su
as QW lasers and in fundamental studies of two-dimensio
electronic systems~see, e.g., Ref. 1!. The unique physica
properties of QW’s all derive from the quantization of ele
tronic motion along the growth direction, resulting in di
crete energy levels. Linear optical spectroscopy allows a
rect determination of the discrete level structure and has
this reason emerged as the most important tool for chara
ization of semiconductor QW’s.1

The degree of quantization can be enhanced significa
if the confinement is produced by a metallic layer rather th
a semiconductor. Hence, by confining electrons to thin m
tallic films grown on a semiconducting or dielectric su
strate, a subband splitting of several eV is easily achieve2,3

due to the large band offset. Among the available experim
tal techniques, photoemission2,3 and electron tunnelling4

have been successfully used as probes of the quantizatio
metallic QW’s. These techniques are limited by their inab
ity to continuously monitor film properties during growt
under ultrahigh vacuum~UHV! conditions, however. In view
of the success of linear spectroscopy on semicondu
samples, one might expect this technique to be applicab
the case of metallic QW’s as well. Moreover, as an a
optical technique it would allowin situ monitoring of film
growth in UHV. Both experiments5 and theory6 show, how-
ever, that linear optical spectroscopy is unable to reso
discrete resonances, due to the large Drude-like screenin
metals. Hence, the obvious solution is to applynonlinear
optical spectroscopy, since this technique is much less
sitive to screening but still retains the advantages of lin
spectroscopy. Second-harmonic generation~SHG! has previ-
ously been applied in studies of semiconductor QW’s,7 as
well as QW states formed in the relative energy gap betw
the constituents of purely metallic layered structures.8 In
these works, the fact that the dipole contribution to SH
vanishes in structures with inversion symmetry was used
monitor the effects of symmetry breaking by appli
electric7 and magnetic8 fields, respectively.

In the present work, we wish to demonstrate that seco
PRB 600163-1829/99/60~20!/13997~4!/$15.00
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harmonic~SH! spectroscopy provides an excellent tool f
characterization of metallic QW’s formed by depositing
epitaxial layer of metal on a semiconducting substrate. O
servation of QW effects requires, however, that the film h
little thickness variation along the surface and forms
abrupt interface to the substrate. Ag on Si~111! meets, at
least to some extent, these requirements. Room-temper
deposition on the 737 reconstructed surface leads to form
tion of flat islands and a growth mode resembling a tw
dimensional layer-by-layer mode.9,10 Indeed, QW effects in
this system have already been observed in photoemis
spectra by Wachset al.,2 who demonstrated that the bindin
energy of discrete occupied states was lowered with incre
ing film thickness.

Clean surfaces with sharp 737 low energy electron dif-
fraction ~LEED! patterns were obtained by purely resisti
heating of samples cut from a 1-mm-thick wafer with a r
sistivity of 4.5V cm. Silver was deposited at room temper
ture from a Knudsen cell and the coverage was determi
by a quartz crystal. During deposition, the pressure sta
below 5310210mbar. The films showed 131 LEED pat-
terns and atomic force microscopy scans performed after
samples had been taken out into free air, revealed flat tr
gular domains a few hundred nm wide. SHG measureme
were performed using four different pump frequencies o
tained from aQ-switched Nd:YAG laser~1.17 and 2.34 eV!
and a Ti:sapphire laser~1.40 and 1.70 eV!. The SH signals
were detected by a photomultiplier tube connected to ga
electronics and a quadratic dependence on pump inten
was assured. The results obtained at different frequen
were put into the same scale with the help of a refere
signal from a quartz crystal.

Recordings of SHG during growth using a 60° angle
incidence and ap-polarized pump and SH light are shown
Fig. 1. The unit used in these curves corresponds roughl
10221cm2/W. The signals show 3 to 4 maxima in dampe
oscillations superimposed on the contribution from the s
strate, which is important near and above direct interba
transitions in Si. As the pump frequency is increased,
R13 997 ©1999 The American Physical Society
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positions of the maxima shift to lower coverage and the
cillation period decreases. Hence, the manner in which
resonances shift with pump frequency fits the expected
havior of a QW system: As the well thickness grows, t
number of bound states increases and the distance bet
them will decrease. The first resonance will therefore app
at lower coverage when the pump frequency increases.
cillations in SHG appear as the states go in and out of re
nance with the excitation frequency. It is thus clear that
signal will oscillate faster when the pump frequency
creases. The oscillations die out for high coverages bec
the system moves towards a continuum of levels. For the
film, it is also known that the roughness increases w
coverage9,10 leading to variations in the QW thickness alon
the surface. Therefore, the number of observable oscillat
increases with pump frequency also, simply because the
riod is decreasing. On the other hand, at the highest pu
frequency used here~2.34 eV! the SH frequency is in the
range whered bands are excited. The tightly boundd elec-
trons are relatively insensitive to the potential barriers int
duced by the interfaces, and so their contribution to the n
linear signal is approximately independent of film thickne
Hence, it is expected that thed bands will add a uniform
background to the signal at 2.34 eV. From Fig. 1 it is se
that, indeed, the QW oscillations are best observed at 1.4
1.7 eV.

FIG. 1. Measured thickness dependence of SHG from Ag fi
on Si~111!. Results forp to p polarization configuration are show
for four different pump energies.
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In order to confirm that the resonances in the nonlin
signal correspond to transitions between quantum well sta
we have compared the experimental curves to calculat
based on a simple model. Obviously, a detailed explana
of the experimental results would require a rather sophi
cated model taking into account the surface states of th
substrate as well as the modification of these states by the
layer. In the present work, however, we only wish to de
onstrate that the essential features of the thickness de
dence, i.e., position and intensity of the maxima, are in f
explained by a highly simplified quantum well description
the Ag layer. Hence, band structure effects are neglected
the electronic states are obtained from a quantum well
tential that only varies along the growth direction~z direc-
tion!. The simplest model which may be imagined for the A
layer is a symmetric rectangular well. In geometries w
inversion symmetry, however, the dipole contribution to t
nonlinear response vanishes and the SH signal obtained
such a model will be much too small to account for t
experimental curves. A physically reasonable asymme
potential can be formed by lowering the Ag/Si barrier co
pared to the Ag/vacuum barrier. If only transitions betwe
localized states inside the well are considered, however,
thickness dependence obtained from such a model will c
sist of a series of sharp peaks, in contrast to the broad
tures seen experimentally. In addition, the high barriers t
to produce wave functions which are still approximate
symmetric or antisymmetric. Hence, even though a dip
contribution exists in this model, the theoretical response
orders of magnitude less than the measured one. It follo
that excitations into quasifree states coupled to the Si c
duction band continuum must be taken into account. Th
states are highly asymmetric since they decay exponent
into the vacuum but oscillate inside the substrate. Furth
more, the continuum of levels formed by these states lead
a broadening of the resonances.

In the actual calculations, the quantum well depth is si
ply taken as the sum of the bulk Fermi level and the wo
function ~in total, 9.8 eV below vacuum!; and the Si level is
taken as the conduction band minimum~;3.9 eV below
vacuum!. A smooth Ag/Si interface varying between the
levels over a distance of three monolayers is assumed,
on the vacuum side the Ag potential is terminated by
image potential given byV(z)5e2/@8p«0(z2z0)#, where
z050.73 Å is required by continuity~the ‘‘floor’’ of the
quantum well extends fromz50 to z5d). In order to handle
the conduction band continuum, the semi-infinite Si substr
is replaced by a 40-Å slab and the image potential is ter
nated by a barrier 40 Å into the vacuum. Once the electro
wave functions (wn) and energy eigenvalues (En) are deter-
mined, the SH signal is obtained from nonlinear respo
theory.11 At an angle of incidence ofu560°, thezzz ele-
ment of the second order susceptibility is entirely domin
ing, and consequently all other elements are neglected
addition, only thez dependence of fundamental~v! and sec-
ond harmonic~2v! fields is retained. Thisz dependence de
rives from discontinuities at the boundaries as well as co
plex phase factors of the form exp(6iq'z), with q'

5(2p/l)A«2sin2 u, wherel is the vacuum wavelength an
« is the dielectric constant of vacuum, Ag or Si. Sincez
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!l, such phase factors are replaced by unity. Thus, in
low temperature limit, the effective tensor elementxzzz is
given by

xzzz5
e3me

4p«0\5v3 (
lmn

EnlElmEmn

2\v1 i\/t2Enm
H H~Em!2H~El !

\v1 i\/t2Elm

1
H~En!2H~El !

\v1 i\/t2Enl
J Znl

v Zlm
v Zmn

2v , ~1!

where t is the intraband relaxation time, andEab5Ea
2Eb . In addition, H(Ea) denotes the quantity (EF
2Ea)u(EF2Ea), whereu(x) is the step function andEF is
the ~thickness dependent! Fermi energy, which can be calcu
lated from the charge neutrality condition. Finally, the effe
tive dipole matrix elements are given by

Zab
V 5E

2`

`

wa~z!wb~z!E
0

z

«V
21~z8!dz8dz, ~2!

where «V(z) is the z-dependent dielectric constant at fr
quency V. Only the Ag/Si discontinuity is included in
«V(z), since the wave functions are assumed to be su
ciently well localized outside the Ag/vacuum interface th
the Ag value of«V applies throughout this region. In turn
the second-harmonic reflectivityh5I 2v /(I v)2 is calculated
from

h52v2Am0

«0
u11r p~v!u4u11r p~2v!u2

3sin4 u tan2 uuxzzzu2uL2~v!L~2v!u2, ~3!

wherer p(V) is the p-polarized reflection coefficient at fre
quencyV and L(V) is the local field factor12 taken as the
average between the values for Ag and Si. It should be no
that both the asymmetric potential and the screening of
electric fields lead to broken inversion symmetry. It follow
that the quantum well structure may produce a large SH
sponse, even though bulk Ag and Si are both centrosymm
ric materials. In fact, the calculated response is rather se
tive to the linear dielectric properties and, hence,
important point is that the dielectric constant of an ultrath
Ag layer cannot be expected to resemble the bulk va
First, transitions between size quantized states contribut
the linear response. Secondly, the relaxation time, which
enters in Eq.~1!, decreases in thin films due to surface sc
tering. For simplicity, the former of these contributions
neglected in the present work. A thickness dependent re
ation time can be incorporated, however, by splitting
bulk dielectric constant into inter- and intraband parts, a
subsequently obtain a corrected value of the intraband c
tribution using the Drude expression for thet dependence.13

It should be noted that the Drude expression is rigorou
valid even in mesoscopic metallic structures,11 provided the
local electron density is used. For simplicity, the local de
sity is approximated by the average one, i.e., the bulk d
sity, below. In addition, the thickness~d! dependence of the
relaxation time is obtained from a fitting procedure givi
the result ~in eV!: \/t(d)50.1010.2 exp(2d/35 Å)
10.8 exp@2(d/12 Å)2#.
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The above framework presents a simple but realistic
scription of the SH response of a metallic quantum we
Since all contributions related to the substrate are left o
however, the theory cannot be expected to reproduce
background signal seen in the experimental curves. Furt
more, the calculated response is meaningful only when
thicknessd equals an integer number of monolayers, wher
the experimental response is measured as a function
continuously varying coverage. In fact, the experimen
coverage is a measure of the mean thickness, and in ord
directly compare experimental and theoretical results,
thickness distribution is needed. For simplicity, a binom
distribution is used and the increasing surface roughn
with thickness9,10 is incorporated by assuming a linear d
pendence between the variances2 and d of the form s2

50.05 Åd is assumed.
In Fig. 2, the calculated values of the SH reflectivityh

versus mean thicknessd are shown. These curves are o
tained by averaging the results for integer monolayer cov
ages given by Eq.~3! using the procedure described abov
The calculated curves are seen to be in reasonable agree
with the experimental ones. Clearly, the measured QW
nal is superimposed on an exponentially decaying contri
tion from the substrate when the SH photon energy exce
the direct Si band gap. However, the location of the cal
lated maxima is in almost perfect agreement with the exp
mental results, which demonstrates the validity of the qu

FIG. 2. Calculated SH reflectivity as a function of film cove
age.
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tum well model. The relative height of the maxima agre
reasonably well with the experimental trend, except for
fourth peak which is obviously too large. A direct compa
son of the experimental and theoretical maxima in SHG
shown in Fig. 3, in which the positions of the maxima a
plotted as a function of the pump frequency. The calcula
results clearly reproduce the shift of the resonances tow
lower coverage with increasing frequency. The intensity
the calculated maxima is rather sensitive to the paramete
the model whereas their location remain approximat
fixed.

As an additional test, the resonance positions can be c
pared to the photoemission data of Wachset al.2 While SHG

FIG. 3. Comparison between experimental and theoretical r
nance coverages as a function of pump photon energy. In addi
fits to photoemission data~Ref. 2! are shown as dashed lines.
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probes the difference in energy between empty and occu
levels, photoemission directly detects the positions below
Fermi energy of the bound states. For thick films, the bott
of the Si conduction band is expected to be;0.4 eV above
EF . As discussed above, the calculations show that S
originates from transitions between bound QW levels and
continuum of empty levels in the Si conduction band. T
resonance energies observed in SHG are thus expected
comparable to the binding energies observed in photoem
sion. The binding energies obtained by Wachset al. were
found to vary linearly with the inverse of the film thicknes
Curves representing fits of such a relation to the data in R
2 are plotted as dashed curves in Fig. 3, using the s
energy scale as for the photon energy. It is seen that the
of the SH resonances follows the shift of the bound lev
quite well. This strongly supports the conclusion that t
main resonances in SHG are caused by transitions betw
localized QW states and the Si conduction band continu

In conclusion, it has been demonstrated that SHG i
very sensitive probe of QW states in thin metal films. Q
effects are directly observable as oscillations in SHG ver
film thickness, without performing any of the data process
frequently applied in other techniques. By comparing t
data to calculations of SHG from the QW system, it has be
shown that the resonances in SHG are caused by transi
from confined QW states, to states coupled to the Si cond
tion band continuum. The agreement with experimental
sults, obtained with a relatively simple theoretical model,
encouraging for further studies of strongly confined ele
tronic systems formed in metal films on semiconductors.

The authors acknowledge the technical assistance of
Brian Vohnsen and the financial support of the Danish Na
ral Science Council under Grant No. 9502518.
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