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Static and high-frequency electric fields in silicon MOS and MS structures
probed by optical second-harmonic generation
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We present a comprehensive analysis of the effects of static and high-frequency electric fields in silicon
metal-oxide-semiconductdMOS) and metal-semiconduct@MS) structures on optical second-harmonic gen-
eration (SHG). First, a general Green’s function formalism developed by $ipeOpt. Soc. Am. B4, 481
(1987] is applied to determine the voltage dependence of the SHG response from planar MOS structures. This
approach takes directly into account the spatial distribution of the dc-electric-field across the silicon space-
charge region. Predictions of the theory are in good agreement with experimental results of the SHG bias
dependence from MS and MOS structures. Furthermore, the azimuthal SHG anisotropy(ftbin BOS and
Si(001) MS interfaces is determined in the presence of a reverse bias allowing a clear separation of various
anisotropic contributions resulting from inhomogeneous bias fields and anisojior x® tensor ele-
ments. Finally, we demonstrate the capability of optical SHG for time-resolved measurements of free-running
GHz signals on silicon millimeter-wave devices. Consequences for circuit testing are discussed.
[S0163-182697)01307-9

[. INTRODUCTION the logic states of the circuit. Based on the perturbation of
the index of refraction by free carriers, Bloom and co-
Today silicon is the dominant semiconductor for elec-workers developed a noninvasive optical technique for de-
tronic circuits and devices operating at frequencies below tecting charge density modulation in silicon integrated
GHz. Because of new device technologies silicon has alsgevices. Although measurements of real-time 0.8-V digital
emerged recently as a viable material for many circuit appliSignals in silicon bipolar junction transistors have been dem-
cations in the millimeter-wave range up to now completelyonstrated, application of this method is limited, because for
dominated by the 11I-V technology Resonator, mixer, and testing the laser beam must be focused through the backside

detector circuits realized with Schottky and impact avalanch@f the Si substrate. Other higher-order interactions such as

transit-time diodes, and integrated in planar Si monolithicoPtical Kerr and Franz-Keldysh effects are not large enough

millimeter-wave integrated circuitdViMIC’s) open the way ;‘r?]rp?rfaﬁfgsecond lasers used in the past to be of practical
for the development of single-chip transmitters and receivers However. with the advent of the Kerr-lens-mode-locked

in the region ab,ove 60 GHz. However, these advaqced h'g.hl"i:sapphire laser generating sub-100-fs pulses of about 10-nJ
speed Si MMIC’s demand new measurement techniques WltBulse energy at a repetition rate of80 MHz, nonlinear

high temporal and spatial resolution. optical techniques become attractive for contactless sampling
_ Optical techniques based on ultrashort laser pulses oMy igh_frequency electrical signals on silicon millimeter-
bine such a high time resolution with the advantages of Xy aye circuits. Several groups have recently demonstrated the
ternal probing such as spatial mapping. Earlier optical aPgapability of optical second-harmonic generati@HG) for
proaches for measuring voltage wave forms in an integratefroping static electric fields in crystalline silicon metal-
circuit (IC) relied on either sensing the induced electric ﬁe|doxide-semiconducto@MOS) and metal-semiconduct¢MS)
in an external electro-optic crystal brought near the circuit ofstructures 22 and Si/electrolyte and Si/Sigelectrolyte in-
bonding the signal out to the electro-optic crystdlence terfacial region¥° modulated by an external bias. Very
these methods introduced unwanted parasitics into theecently, we have applied electric field-induced SHG
circuit?® Later work done in this field relied directly on the (EFISHG for monitoring continuous microwave signals on
birefringence of the GaAs substrate. Using this techniquefree-running silicon millimeter-wave circuit§.Furthermore,
direct electro-optic sampling of both analog and digital elec-Nahata et al. conducted time-resolved EFISHG measure-
trical signals in GaAs IC’s has been demonstrdé@irect  ments of picosecond electrical pulses propagating on a co-
electro-optic detection in silicon is not possible because of itplanar waveguide transmission line fabricated on siliton.
centrosymmetric crystal structure. Alternative techniqued-rom these experiments they infer an intrinsic response time
used for measuring high-speed electrical signals in silicomf <10 fs for EFISHG due to the electronic nature of the
IC's include the voltage-contrast scanning electronSHG process and the short escape length for the reflected
microscop@ (SEM) and the scanning photoexcitation prdbe. second-harmoni¢SH) radiation. However, despite this aus-
However, the voltage-contrast SEM has a low sensitivity ancpicious beginning, these studies have only begun elucidating
the photoexcitation probe, which uses an above-band-gagme complex behavior of potential-induced band bending, the
optical source to perturb photoconductively internal nodeslynamics of photogenerated carriers in the depletion layer,
within an integrated circuit, is invasive and only measuresand the spatial distribution of the electric field inside the
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space-charge regiofSCR in affecting nonlinear optical energy
phenomena® Although a simple phenomenological model
for EFISHG from Si/SiQ-electrolyte interfaces has been de- , etal
veloped by Aktsipetrov and co-worket$® deviations from E.
the predicted quadratic SHG bias dependence have already
been observed, and attributed to mobile charges and carrier T
degeneracy?® In addition, the width of the SCR in silicon v [
which depends on the doping concentration and the applied
voltage may be comparable with the SH wavelength and
penetration depth. Thus, retardation effects and the interfer-
ence of field dependent and independent SH contributions
can strongly influence the bias dependence of the EFISHG
responsé®

In this work, we present a comprehensive study of the
effect of static and high-frequency electric fields on the SH
response from silicon MOS and MS structures generated by

ultrashort laser pulses. The outline of this paper is as follows. 5 ¢ Energy-band diagram for an ideatype MOS diode in
In Sec. Il we calculate the voltage dependence of the SHgpletion withE, the vacuum level, #, the band bending at the
response from silicon MOS structures based on a Green'sj/sio, interface d,y the oxide thickness, andsggthe width of the
function formalism developed by Sipe for surface opfics. space-charge region.

Section 1l describes the experimental methods and silicon

MOS and MS structures used for EFISHG. In Sec. IV wesolution of Maxwell’s equations for a genenath-order po-
present measurements of the azimuthal SHG anisotropy from i, ation B(™ of the form

Si(111) MOS and Si001) MS interfaces in the presence of a

reverse bias allowing a clear separation of various aniso- .. dK . . ..

tropic contributions resulting from inhomogeneous bias PM(r)= f (ZT)ZP(K,Z)GXPU(K-R—QU}, )
fields and anisotropig(® or x®® tensor elements. Further-

more, predictions of the theory developed in Sec. Il are comwhere P is the Fourier-transform of the polarization at the
pared with experimental results of the SHG voltage depenposition R in the x-y plane parallel to the surface ard

dence from MS and MOS structures. Finally, We yengies the wave-vector component at the frequéhgar-
demonstrate the capability of EFISHG for time-resolvedy)g| 1o the surface. In the following we consider for the

measurements of free-running GHz signals on  siliconycigent input field a transverse monochromatic plane wave
millimeter-wave devices. Concluding remarks are given iny¢ ihe form

Sec. V.

E®=(E,+Egexpi(kR—wz— wt)}, )

Il. GREEN’S FUNCTION FORMALISM FOR EFISHG with x andw the wave-vector components parallel and nor-
mal to the surface. We further assume that the static electric

So far the relationship between the voltage dependence iifﬁld & consists only of a component in taalirection normal

the EFISHG response and its source volume has neither be o ) } RN
studied experimentally nor theoretically in a systematic way!© the surface along whicki only varies. This restriction is

In the majority of publications concerned with EFISHG in Satisfied for the SCR field produced by a bias voltage applied
silicon MOS structures the interpretation of the data is base#P @ silicon MOS structure as depicted in Fig. 1. In the case

on a simple approximation for the static electric fiéleh the of carrier depletion in the-y plane, we obtain
silicon SCR, introduced by Aktsipetrov and co-work&t$n

that work, £ which varies over the silicon SCR, is approxi-

mated by an effective fieldqoc(U—Uy,) near the Si/SiQ with
interface, and the extensialyqg of the SCR is assumed to

be voltage independent resulting in a quadratic dependence
of the electric-field-induced SH intensity with surface band = .
bending'® However, this approximation is only valid if the =lexp(—2iwz)(z+dscr), )
SH escape deptll®*>dscr. Hence Aktsipetrov and co- wherey( is the bulk third-order dipole susceptibility tensor,

workers have developed a refined phenomenological modglng forn-type Si the spacecharge field is given by
that takes nonlinear interference and retardation effects of the

EFISHG response into accouftFurthermore, they demon- R Npe .
strated the influence of the spatial distribution of the dc- 82)= —(z+dscrlZ, )
electric field inside the silicon SCR on EFISHG. 0%

To account for the variation & across the silicon SCR, it With —dscr=2=<0 (see Fig. ], es; the static dielectric per-
is useful to apply a general Green’s function formalism de-Mittivity of Si, andNp, the donor concentration. The vector
veloped by Sipe for surface opti€sThis approach yields a I defined in Eq(4) contains all contributions gP which are

PR(r)="P(k,z)exp[2i (kR— wt)}, (3)

Pr,2)=x5":&(2)(Ep+Eg)(Ep+ Eg)exp — 2iwz)
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independent ofz. Next we calculate the field-induced
second-harmonic ~ wave E7°=(E3°+EZ*)expli(KoR+
Wyz—2wt)} generated in medium 1 and reflected into me- .

dium 0, which is given by S ansparent

N N ~ ~A A aA oxide B
B3¢+ EZ =87 w’c W, (sTg,s+poThp) I L, (6)

space charge region

a1k
1
c

where £ denotes the following integral:

metallization

L= ﬁOd exp{—i(W;+2w,)z}(z+dgcrdz 7

with W; andK; =2« the complex SH wave-vector compo-  FIG. 2. Experimental geometry for EFISHG from a MOS struc-
nents in mediuni=0,1 normal and parallel to the surface, tUre.

s.p o .
and Ty the Fresnel transmission tensors. The unit VECtOrs, -vion sheet located at the Si/SiOnterface can be used

s, and f)i define the directions normal to the plane of inci- because oflscg<\. Note, that then the vectd? must be

dence and perpendicular to the wave vecteraV,z in the defined accordingly.
plane of incidence, respectively. Equatitf) can be solved

analytically: lll. SAMPLES AND EXPERIMENTAL METHODS

&_ For EFISHG measurements two laser systems have been

2wy + W,y used: a regenerative Nd:YLF amplifier, and a modelocked
®) Ti:sapphire laser pumped by the SH radiation from a

Depending on the penetration depth of the fundamental anaodelocked Nd:YLF oscillator. The experimental setups for

SH wave, we obtain two different approximations for Eq.these two laser systems have been described previously in

L )2[1—exp[idSCR(2Wl+Wl)}]+
1

T 2w+ W

(8): Refs. 16,22. Because of the low enei@ynJ) of the 100-fs
(1) For an effective penetration deptha;ﬁl: pulses generated by the Ti:sapphire laser at 75.6-MHz rep-
Im(2w; +W,) " 1<dscr, £ can be approximated by etition rate, the laser beam has been focused on the sample to

a 10um spot diameter under a 45° angle of incidence,

idscr ) thereby reaching peak intensities of 1 — 10 GWfcneces-
L~ 20wt W, +O(L 2wy + W, %) %o, (9 sary for EFISHG. In contrast, the 2.5-mJ energy of the 40-ps
pulses delivered by the Nd:YLF amplifier at 1 kHz repetition
with ¢o=(z=0) the Si surface potentigsee Fig. 1 rate is high enough to yield unfocusét2-mm spot diam.

(2) For agﬁ1>dSCR and A\>dgcg, the exponential func- peak intensities of~1GW/cm?. In all experiments the re-
tion in Eq.(8) can be expanded into a Taylor series yieldingflected SH signal is detected by a photon counting system
after passing through dispersive elements and color filters
L~dEcrtO(dscd 2w, +W; ) . (100 suppressing the fundamental radiation by a factor of

—10-16 : :
Thus, in the first(second case the SH intensityt®®) () 10°". The sample is mounted on a rotation awd

o X . : -translation stage oriented horizontally to the optical table.
exhibits a lineafquadrati¢ dependence on the band bendmgy . o ]
Jo(U). To determinel @)(U), g, must be derived as a All samples have been fabricated nrdoped silicon sub

function of externally applied voltage: strates. A _thermal oxide un_derneath a 3-nm Cr and 6-nr_n Au
: cap layer is used for the @i11)-MOS structure. An Ohmic
o 1 2 aluminum back metallization allowed us to apply| <10 V
e a®=4(U—Uy,) (1) bias, yielding a homogeneous electric figicbriented inz
direction, as shown in Fig. 2. The advantage of this sample is
el thedsimp(;egieldhgeome(tjry for whicr|1 thedEITISHG respsonse is
T N T predicted by the one-dimensional model given in Sec. Il.
~ ~(U=Up)=aUp=U, (12) Table | summarizes the most important parameters of our
with a=do/2e€esiNp / €€5,, €0y the static dielectric permit- MOS and MS structures. For EFISHG measurements on
tivity of SiO,, and d,, the oxide thickness. Sincdscg ~ Schottky contacts different microstrip structures, as shown in
«/Np, it varies by orders of magnitudes in semiconductors Fig. 3, have been fabricated on(80) substrates of different

In the case of depletiomlgcg varies typically between 25 nm doping levels by a standard lithography process. By applying
(Np=10"cm~2) and 8xm (Np =10 cm™3) in silicon. If a bias to two adjacent microstrip lines forward and reversed

a7ﬁ1>dSCR~)\ (case 2, then I(2w)(u) will exhibit bias- biased Schottky contacts are formed at the metal/silicon in-
e 3 . . . .
dependent oscillations imposed on the quadratic voltage dd€rfaces as depicted in Fig. 4. The applied voltage almost

pendence, because of the exponential function in (By. completely drops over the depletion region of the reversed
These modulations ih??(U) have indeed been observed biased Schottky contact, which is extended from the contact

experimentally by Aktsipetroet al?® The calculations per- area enabling part of the depletion electric fiéldwhich is
formed here for carrier depletion can be carried out analolocated within a few 10 nm at the Si surface, to be probed by
gously for accumulation, for which a two-dimensional polar- EFISHG. In contrast to the MOS structurg,is oriented
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| |‘| |

TABLE I. Summary of device parameters, wheras the spe-
cific dark resistance.

Contact Geometry Doping p Metal
(cm™3) (2 cm)
planar Np: 5x 101 90
FIG. 3. Schematic of MS structure&) ring structure,(b) co- MOS (119 contact  Np:5x10!® 0.01 Aulcr
plap_ar transmissio_n lin€CTL), and(c_:) pho?oconducti_ve aqtenna on MS (100 ring Np: 5x 10 0.1 Al
a silicon-on-sapphire substrate. Dimensions are given in the text. structure a): <10t >2000
MS (100 CTL (n): <10% >2000 Au/Cr
preferentially parallel to the surface of the MS structuress (sog antenna  Si, Ne>10% ~ 00 Au/Cr

Furthermore, these structures are often used in high-
frequency devices, for example, the coplanar transmission
line (CTL) shown in Fig. 8b) is integrated in Si MMIC's to  Sij, SiO,, or noncrystalline metallizations. Hence, in these
connect different circuit parts. The Cr/Au microstrip elec- media the reflected SHG response arises from the surface
trodes fabricated by a standard liftoff process on a highelectric dipole and the bulk electric quadrupole contribu-
Ohmic Si substraté>2000 () cm) to reduce free-carrier- tions, which can be expressed by an effective field-
induced damping consist of a 20m-wide signal line independent second-order nonlinear susceptibifit® as
separated by 1pxm-wide gaps from the grounded lines.  those contributions cannot be separated in a single
_For a high-frequency application of the EFISHG tech-eyperiment® An external electric field applied to a silicon
nique we utilized a photoconductive dipole anterifég.  MOS or MS structure, breaks the inversion symmetry of the
3(c)] commonly applied for the detection of coherent free-gj crystal and allows an electric-field-induced bulk dipole

space submillimet_er waves in time-resolved _ THZ'contribution,XSf)g. Thus, the total EFISHG response
spectroscopy experiments. The antenna structure is fabri-

cated on an ion-implanted silicon-on-sapphire substrate to 20 2,4 (32

reduce the carrier Iir;etime te<l ps. Thepﬁertzian dipole Vi ()| Xerr + et €1 (3
consists of a 5Qtm-long and 10am-wide Au strip with a5-  arises from a coherent superposition of field-dependent
wm slot in the center. The two arms are connected to a CTLy (3¢ and field-independent{? contributions, both contain-
which is linked to contact pads of 30@mX 300 um. The ing isotropic and anisotropic components. Furthermore, the
ion-implanted Si, which is removed except for a mesa withrotational anisotropy of the EFISHG signal can be caused by
the Hertzian dipole on top of it, possesses no crystalline orpoth: anisotropicy® or y® components, and inhomoge-
der as revealed by Rutherford backscattering experimentgeoys fieldsS(¢), where denotes the rotation angle with
hence only isotropig® andx(®) tensor elements contribute respect to the surface norma direction of the sample. To

to the SH response. prove the existence of the former one, EFISHG rotational
anisotropy measurements have been performed on a planar
IV. RESULTS AND DISCUSSION Si(111)-MOS structure. The space-charge fieftk £,z, in
A. Anisotropic x® and inhomogeneous electric fields this structure is entirely symmetric with respect to rotations

. - . . about the surface normal, and therefore any rotational anisot-
Within the electric dipole approximation SHG is symme- 1o of the EFISHG response must arise from anisotropic
try forbidden in the bulk of centrosymmetric media, such asonlinear susceptibility components. In this cagi%(u,@
is given by '
z

laser beam 124(U, ¢)oc|ag(U) +as(U)e'Vcog3¢) [, (14)

whereay(U) andas(U) are the isotropic and threefold con-
tribution, both containing field-independep® components
and field-dependent contributions of the fogt?)&,(U). A
typical threefold modulation olgf‘l’o(U=OV,¢) from the

\ Si(111)-MOS structure measured at a 730-nm fundamental
| \ wavelength is presented in Fig.(&. In terms of

n-doped silicon “ A2 (U, ¢)=12%(U,¢)—15%(U=0V,¢) the variation of

the EFISHG rotational anisotropy with applied bias is dem-
N onstrated in Figs. ® and Fc¢) for U=-3.2 V and
U0  — U=+3.0 V. Note, that the threefold modulation of

AS%(U"M arises not necessarily from an anisotropi¢

FIG. 4. Schematic of two microstrip lines forming forward and component. EYe” _'n the case, \2/th1‘|3) IS Isotropic a.nd
reversed biased Schottky contacts with the underlyirgi sub- henceag(U) bias independentA(“,(U,¢) can be aniso-
strate. The depletion region of the contact is extended from théropic due to the interference term, 2Rgéze'’?)cos(3p).
contact area enabling the depletion electric fi€ldo be probed Using the values o&;(U=0V) deduced from curvéa) the
optically. The plane-of-incidence is normal to the projected plane.voltage-induced changesa;=|a;(U)—a;(U=0V)| can be
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so T with m'eta"izat:on 'D witI!lout met'a"izaﬁoln a line scan ofl §‘;’ normal to the direction of the microstrip
lines and the plane of incidence. For thén/s-out polariza-
tion combination only a weak SH signal is generated by the
anisotropic electric-quadrupole componefi} {n the S{100)
substrate. However, a strong enhancemelhﬁl‘pht the edges
of the transmission lines is clearly visible in Fig. 6. The
spatial width of the SHG peak is determined by the focus
diameter and not by interfacial properties.

Applying a dc-bias to the leffL) microstrip line, as indi-
cated in Fig. 6, yields to free-carrier depletion at the reverse
biased Schottky-contact, which depending on the polarity of
the applied voltage can be the UKO0 V) or R (U>0 V)
microstrip line. The voltage almost completely drops over
the SCR, which is extended further away from the edge of
the microstrip line enabling the space-charge f@d&’xﬁ to
be detected by optical SHG as shown schematically in Fig. 4.
Analogously to linear reflectance, the relative inggx® is
introduced bys®®)(U)=12)(U)/1Z*)(U=0 V). In terms
of B2¢)(U) the electric-field dependence tf¢” is moni-
tored in Fig. 6, curveslb) and (c) for U=—-5 V and
U=+5 V. The data reveal that the electric-field-induced
contribution, which is located at the reverse biased contact,
exceeds the voltage independent surface and higher-order
contributions to 12”). Furthermore, in contrast to the
maxima of the SHG response, which are located at the edges
of the transmission lines as shown in Fig6 the positions
T T T T ' T of the EFISHG maxima are clearly separated from the edges

120 240 360 indicating that the SCR is extended parallel to the surface
rotation angle ¢ [deg] further away from the interface of the Si/Au contact.
To monitor the anisotropy df%”)(#,U) caused by pref-

erential orientation of the static electric fieft£,x a ring
structure as shown in Fig(& can be used. Figure 7 shows
129)(¢,U) for two applied voltages=0 V and 0.65 V,
measured at different angles between thes-polarized op-

derived fromA2% (U, $) summarized in Table Il for curves tical fieldsE*, E** and the static electric field, which is
(b) and (c). The results show, thaa, and a; are clearly oriented normal to the edge of the Al contact. The aniso-

voltage dependent due to field-dependent isotropic and ariropic quadrupole SH contributiorf) is negligible small for

isotropic contributions of the forqy®)&,(U). the values of¢ selected, hence no crystal-induced aniso-
The occurrence of a crystal-induced anisotropic EFISH@ropic contribution ta 4)(,U) is present. Due to the high

response depends on the orientation of the substrate. In codloping levelNy=5x 10" cm2 of the Si substrate a signifi-

trast to the dc-biase¢ll11)-oriented silicon substrate a ho- cant change of the SH response caused(iy)o Ny can

mogeneous electric field=¢£,z oriented normal to the pe observed at voltagés< 1 V. The rotational anisotropy of
S|(}PO) surface will only influence the isotropic parameter |g25w)(¢’u) can be described phenomenologically by
ao.~~ However, due to the complex structure of submillime-

ter wave devices and integrated circuits new interfaces arise, (20) )

which are not oriented parallel to the axis. The broken I5s”(¢,U)~[ay(U)cod ¢)[*. (19
inversion symmetry at the interface can give rise to a strong

dipole-allowed anisotropic SH response as demonstrated ifihe onefold symmetric contributicey (U) arises from both,
Fig. 6 for a CTL on a Sil00) substrate. Figure(8) displays  a field-independeng!?, component induced by the perturba-
tion of the inversion symmetry normal to the edge of the Al
contact, and an electric-field-inducgd®&,(U)x contribu-
tion, both exhibitingC,, symmetry with respect to the Al
step edge as shown in the inset of Fig. 7.

o -

FIG. 5. p-in/p-out SH rotational anisotropy from the ($11)-
MOS structure at several biases) |??)(¢,U) for U=0 V, (b)
A=-3.2V, and(c) A=+3.0 V. Solid curves represent fits of Eq.
(14) to data. The fit parameters are listed in Table II.

TABLE Il. Fourier coefficients in Eq(14) deduced from the
EFISHG data shown in Fig. 5.

Curve ag as as/ag
@ 64,7 15,3 0. 24 B. Volt depend of the SH re
5a0 5a3 5a3/5a0 . age depenaence response
(b) 36, 8 27,1 0, 74 In order to use EFISHG for determining voltage levels in
(© 43,1 32,5 0, 75 electrical devices and high-frequency circuits, it is necessary

to investigate the relationship between the SH response
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120
a) 4 100
U=0Volt J 80
] 60
440
] 20
3 i ]
{b) PAL _
5 ,|U=-5Volt ‘ @ FIG. 6. Line scans of{%”) and 82*) from the
o o Au microstrip lines on the $100 substrate for
e 1] . different applied voltaged): (a) 12 for U=0
| § 5 V, (b) B2 for U=-5 V, and (c) B for
5J0) [ Jgowd | T U=5V.
ZE U =5 Volt - [_Isilicon
2
1 — s :
0 | : ' > H : > : ; < ; T ; - | :
/ 20 40 60 80 100
U .
spot position [um]
caused by an electric fiel(U) and the externally applied 129(U)oc(U—U yin)?. a7
voltageU. As discussed in Sec. Il two cases must be distin-
guished: Figure 8 shows the voltage dependence of the SH re-

(1) If only part of U drops over the probed volume, then SPOnse from a $111)-MOS structure. The Si substrate was

an approximately linear dependence is obtained: oriented such that for thes{in, s-out) polarization combina-
tion the anisotropic SH signal is maximized. For both wave-

|2“’(U):x(U—Umin)_ (16) lengths of the fundamental, 730 and 1053 nm, a quadratic

voltage dependence of the SH intensity is obtained. While at

(2) If U drops completely over the volume generating the730 nm the SH minimum occurs approximately at the flat-
EFISHG response, then a quadratic relationship is given: band voltageUg=—6.7 V, at 1053 nm it is shifted further

100 A
=) a5
_ ® o
3 5
S, -
- £
= o
2 c
o
c
T 50
1 I I I I
T
%)
154
2
o)
T
2 1.0
£
| -
0 o
; c
0.5

o 100 200 300
rotation angle [deg] L 1|0 — T T T T T T
applied voItageO[V]

10

FIG. 7.18%)(¢,U) from the S{100-MS ring structure for two
applied voltagesll U = 0 V, and® U = 0.65 V. Solid curves FIG. 8. Voltage dependence téfs‘") from a S(111) MOS struc-
represent fits to data using E@.5) plus an isotropic background ture for two azimuthal orientationg;=0° and 180°, and two wave-
signal. Inset: Schematic of the optical- and electrical-field configudengths:(a) A =730 nm andb) A =1053 nm. Solid curves represent
ration at the edge of the Al microstrip line. fits of Eq. (1) to the data.
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TABLE Ill. Amplitudes and phases in Eq. 18 deduced from the 10

EFISHG data shown in Fig. 8, and averaged over both angles | o E o E L
$=0° and 180°. . a) u : :
[ | :
Wavelength A B B/A el ';' ] ] (] E quadratic E
(nm) (=) v V) S, ] " E E constant
730 1,0 0,13 0,13  —84° 5, " :
1053 0, 99 0, 058 0, 059 34° o s !
I b ''m )
2] . [N 1
- o linear ' m !
to more negative potentials due to an interference between . | u .l:
the EFISHG response and the field-independent SH contri- ¢ E :"'"'""'""'
bution as given by —— ———————
A 5 ] i |
12°(U)=|A+B(U—Ugg)e'e|?. (18) g24 P = _ ut® e
— n¥m [
The fit parameters deduced from the curves shown in Fig. 8 5 1 E . - | Umin
are listed in Table Ill. The data points represented by the T 4 ' E
open symbols have not been used in the fit as the SH re-£ | ' . !
sponse begins to saturate at these voltages. At 730 nm the‘% ' " -
phase differencel, between the two SH contributions is 0 ——— L — .'T'f T .
approximately 90° and hence the minimum of the SH re- 8 6 4 2 0 > 4

sponse occurs dtlgg. In contrast, at 1053 nm the voltage
dependence of the SH signal in the rang&8 V<U <6 V is
dominated by the mixed term in E¢L8):

applied voltage [V]

FIG. 9. (a) 1&“)(U) and(b) 1% (U)/4U from the left(L) MS
2AB(U — Ugg)c0g34°)>B*(U — Ugg)?, (19)  contact of the microstrip line shown in Fig. 6.

yielding a minimum ofl?¢(U) at —36 V shifted from the . 6 . 3 .
flatband by~ —29 V. In the limit of Acos(,)>B, an al- rers per pulse_ of ~.5X101 cm >NE_" Thg excited
most linear|2°—V characteristic is obtained, which is of electron-hole pairs will be separated immediately by the

great practical importance for testing high-frequency circuitddepPletion electric field, which breaks down within a few pi-
as shown in a recent work. coseconds and remains screened in the time between two

Furthermore, at 1053-nm wavelength the absorptiorsubsequent laser pulses {3 n9, because the lifetime of the
length of the SH radiation in Sig~1(527 nm~1um, is  Minority carriers at the Si/SiQinterface is typically several
comparable to the-2um width of the depletion region for 10 ns. The induced surface photovoltage changes the band
U<Ugg and a doping leveNp=5x10' cm 3 of the Si  bending of the illuminated MOS contact, so that the EFISHG
substrate. Fot)>Ugg free electrons accumulate at the Si/ response is caused by an electric field extended only a few
SiO, interface and the induced static electric field decreasesm into the Si substrate yielding to a quadrafitV charac-
exponentially over a few nanometers. Hence in both caseseristic as shown in Fig.(&). The saturation of curvé) for
depletion and accumulation of minority carriers, the voltageU >0 V also reveals the influence of photogenerated carriers.
drops completely over the surface region generating the For comparison, the voltage dependence of the SH signal
EFISHG response, which yields to the quadrdf¢—V  has been measured from the ring structure and the [3&&
characteristic theoretically predicted. The same characteristigigs. 3a) and 3b)]. These structures differ from the MOS
has been found by Aktsipetr@t al.in EFISHG experiments  contact by two main aspects: First, the electrical characteris-
conducted on a Si/Sigelectrolyte interface at a fundamen- tic corresponds to that of a metal-semiconductor-metal
tal wavelength of 1064 nm, confirming that in our experi- (\isM) structure, which without an insulator at the interfaces
ments the fle_ld_—mduced SH contributions from the metalhza-possesses a much lower resistance. An externally applied
tion are negligibl€’ voltageU drops over the two Schottky contacts connected in

At a fundamental wavelength of 730 nm, howevetina ; . . -
ear voltage dependence of the EFISHG signal should be Ob§er|es and the high-Ohmic Si substrate in between, because

tained forU < U o (carrier depletioly because the absorption of the nonvanishing current. The second difference is con-
FB : . ;
length of the harmonic radiationy (365 nm~10 nm cerned with the field geometry. In contrast to the MOS struc

<2um, is two orders of magnitude smaller and thereforeture, in which the electric field=&,z is oriented normal to
only the electric field near the Si surface contributes tothe surface, the EFISHG signal from the MS structures is
122(U). However, a quadratic bias dependencel Tf(U) generated by the electric-field componefyt, parallel to the

has been observed, as displayed in Fig).8This can be surface. Therefore the exact position and diamétef the
explained by photoexcited carriers screening the electrifocus spot at the edges of the microstrip lines determine the
field, because the photon energy of the fundamedntale\)  voltage drop over the volume generating the SH signal and
exceeds the indirect band-gap energy of Bj{=1.12 eV at hence the bias dependence of the EFISHG response as
300 K), which for an average power of 30 mW, and a focusshown in Fig. 9a). In this experiment the fundamental and
spot of 10um-diam. yields a density of photogenerated car-the reflected SH radiation are polarized normal to the plane
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] ° results demonstrate, that in experiments performed with the
.04 a) ° Ti:sapphire laser photogenerated free carriers strongly influ-
1 ° ¢ ° ence the EFISHG response. To reduce the invasiveness of
— 1.0 the EFISHG method measurements should be performed at a
;: 08 ° photon energy of the fundamental below the indirect Si band
- 1 gap.
E -0-6-_ ¢ . <>. ° ® ring structure More.over,.photoexciteq carriers tra_pped at int.erfacial de-
S5 4 o® o wave guide fect or impurity centers will also modify the semiconductor
| 'S surface band bending, thereby altering the second-order non-
-0.2 - linear optical response of the systéfrif*~2° Recently, we
— 1 T T T T 1 have shown that plasma-deposited oxides exhibit a large
0 20 40 60 80 100 field-induced SH transient, which is caused by electron trap-
incident power [ mW ] ping at near interface oxide defeéfsThis charge trap in-
duced SH response could be considerably reduced after rapid
0q thermal annealing of the plasma oxide in an inert atmo-
incident power [mW] .
| P sphere, and was not found for oxides thermally grown at.
< .| 12 -/;;.fzf!ﬂ;’/ 0.36 Volt 850 °C as used for our MOS structures. In contrast, the Si
g ° e substrate of the MS structures was partially covered with a
= 38::'/.E§:A:Z§ native oxide, for which we indeed observed an oxide charge
O o4 hid T - trap-induced SH transient. However this effect could only be
5 64° o0 ° = observed using-polarized SH light as the space-charge field
© 800" oo associated with trap centers is oriented mainly normal to the
15 100 o7 b) Si/SiO, interface. Hencs-polarized EFISHG measurements
Ie T |4 T 12 T (l) provide an almost background-free probe of internal electric

fields in silicon IC’s.
applied voltage [V]

FIG. 10. (8 Ui, as a function of incident cw power from the
MS ring structure(Al) (full symbolg and the microstrip lindAu/
Cr) (hollow symbol3, both on a high-Ohmic 100 substrate(b)
Dependence of the-V characteristic on the incident cw power.

C. High-frequency EFISHG measurements

Time-resolved optical testing of high-speed electronics
can be performed in two ways: for impulsive characteriza-
tion, a portion of the laser output is used for generating ultra
of incidence and the edge of the metal contact. In Fig) 9 short electrical pulses on the device under test, and the other
three regions can be distinguished in the EFISHG voltaggortion is introduced with a variable temporal delay at a
dependence: nearby point to sample the electrical puléSince pump-

(1) For U>U i, the right MS contactR) is driven into  and probe-pulses originate from the same laser source, syn-
depletion, so that its resistance is strongly incredsed Fig.  chronization is not necessary. In contrast, for synchronous
6). Only a small and approximately constant partbfirops  optical sampling of high-repetitive voltage wave forms it is
over the left MS contactl() investigated, and therefore the necessary to synchronize the fundamental or a higher har-
SH signal exhibits no bias dependence. monic of the laser pulse repetition frequenéy, to the fre-

(2) For U,;;>U>—3.5 V, the applied voltage drops quency,fs, of the electrical signal. Assuming Dirac-like
mainly over the left MS contact, and the EFISHG intensitypulses and an ideal harmonic mixer with unlimited bandwith,
depends quadratically od, i.e., f>d with d the extension an exact replica of the voltage wave form is obtained at an
of the SCR along the axis as depicted in Fig. 4. intermediate frequency,

(3) For —3.5 V>U, the SCR exceeds the laser spot di-
ameter, i.e.d>f and12¢(U) varies linearly withU.

The derivative of 2“(U) is shown in Fig. %) to empha-
size the three different regions. Clearly visible is the transi-
tion from a linear to quadratit>”-V characteristic. Note that In our experiments, a trigger signal Bt-500 Hz (W = 27)
the voltage dependence of the SH signal begins ais used for gating a multichannel data processing unit which
Umin=—0.7 V and not at the flatband voltagh,=0.36 V,  sequentially samples the EFISHG signal. The experimental
which is not caused by an interference effect, because theetup is described in Ref. 16. A sinusoidal signal at a fre-
field-independent SH response is very small, as shown iguency >1 GHz generated by a microwave synthesizer
Fig. 9. Figure 10a) reveals thajU,,,| strongly increases (Rhode and Schwarz SMPD® transmitted to a photocon-
with incident cw laser power, because the photocurtgnt  ductive antenngsee Fig. &)] via a SMA coaxial cable and
and hence the voltage drop over the high-Ohmic Si substrateon-impedance-adjusted wire bonds. An additional dc bias
strongly increase with applied voltageand cw laser power, can be applied to the antenna via an interconnettédse.
as demonstrated in Fig. ). Hence in the region To achieve a time resolution better than 10 ps the timing
Ug>U>U,,, the voltage drop over the Si substrate domi-jitter has to be limited” We have accomplished this by pha-
nates. Only when,, reaches saturation atU ,, the voltage  selocking the Ti:sapphire laser to a master oscillator crystal
drop at the MS contact becomes proportional tb~U ;) at a frequency, of 76.5 MHz by using a commercial timing
and12¢(U) exhibits the expected voltage dependence. Thesstabilizer(Lightwave S100Dwhich controlsf, via the cavity

fi:nf|_fs. (20)
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(V) [*6(t) | =» U, >0V
o5 - 1.4
| S,
< 1.2
15 S
u =
©
- U, =0V é 1.0
5 ]
ez o Y
applied Voltage [V] U, sin(2rft) =
FIG. 11. Dependence o> on the applied dc voltage bias in 0 200 400 600 800 1000
the slot of a photoconductive antenna. The solid curve represents time [ps]

the parabolic relationship. The inset displays the antenna configu-

ration. The right side shows a schematic of the superposition of a dc FIG. 12. A freely running 2.043-GHz signal on a photoconduc-

biasU 4 and a hf-signalsin(2mf ). tive antenna for different applied bidd,. sampled with a time
resolution of 10 ps. The solid lines represent fits of El) with

Iength.zs This is achieved by moving the output coupler with fr'equencyfs, whereas the dashed one is a guide to the eye using a
a piezoelectric transducer. Furthermore, the microwave sigtin(4mfst) wave form.
nal is transmitted to a photoconductive switch, which gated )
by the laser pulses provides the trigger signg) for the t0 the data withy = 11.5<1072 V"2 and U yjy=—170
detector. Hence the EFISHG signal from the antenna and th@V- As for the MOS contacts the shift df, from the
trigger of the detector are phase and frequency synchronizeffatband ¢-—10 mV) is caused by an interference effect
Absolute time scaling of the microwave signal is achieved bywith field-independenty(® contributions, which originate
varying the time delay of the laser pulses in the referencé’lom symmetry perturbation at the silicon/metal interfaces
arm thereby changing the phase difference betweefs€e Sec. IVB This additional SH signal causes also the
| 22)(f.t) and the trigger signal. offset of_ the intensity minimum in Fig. 11. _ _
To calibrate the EFISHG signal from the photoconductive For time-resolved EFISHG measurements a sinusoidal
antenna, thd 2*)-v characteristic has been determined forSignal atfs = 2.043 GHz is transmitted to the photoconduc-
an applied dc bias. For the<{n, s-out) polarization combi-  tive antenna. Since the EFISHG signal is recorded via single

nation, withs being parallel to the direction of the Hertzian photon counting, a lock-in amplifier or gated-integrator can-
. . (20) i not be used. Therefore a multichannel data acquisition unit is
dipole arms(see Fig. 11, 15" is given by

employed for registering the photomultiplier signal in differ-
26) | (D) L (8 o 12 (@) ent channels,,, (m = number of channels in the data acqui-
1537 % oot Xoooonl 167 (21)  sition unit according to the moment the signal is recorded in
. . - the time intervalf, *. Since the recording frequency of the
c?zr;talmng (3t;NO nonlinear susceptibility tensor elementsyaia processing unit is limited te 70 kHz, a low interme-
Xxxx @Nd Xy« TO obtain the voltage dependence of the giate frequencyf,~500 Hz must be used to achieve a reso-
EFISHG signal, the source term must be integrated over thgiion petter than 10 pgor m = 100 channels For this
generating volume. Since the escape deptlh of the  eihod relative time scaling is achieved by using the period

EFISHG signal is less than 50 nm in our experiments absorpsi the reference signal, which corresponds to the period
tion of the fundamental radiation is negligible and walk off is ¢ -1 ¢ the nf signal. According to Eq. 20 the detected

of no importance. Further we assume the fundamental fielg(szw)(sm) histogram yields a replica of the microwave signal
to be approximately constant across theS-wide slot of U sin(27fd) modified by the nonlinear??)-v characteris-
the photoconductive antenna, since the slot is smaller th = shown Sin Fig. 11

the 10um spot diameter. The voltage induced contribution The EFISHG.dat;a presented in Fig. 12 show the micro-

E()(U) to the harmonic signal is therefore given By: wave signal with a time resolution of approximately 10 ps
for three different applied bia&J4.:—5 V (@), -3 V
E(XZ“)(U)“f dxf dZXS(i)XXEE(M)Eg(w)SX (H),and OV (A). _The dgta clearly reveal the comb_ined
st JED effect of the applied bias and the microwave signal,
Uhfsin((Zm;St). As shown schematically in Fig. 11, the qua-
o (3) () — dratic1 ?)-V characteristic causes mixing and superposition
dEDXXXXXJ |otdx£X (U-Ure). (22 of different field-induced SH contributions:

where Ugg is the flatband potential and denotes the ap- 120 (U)oc {1+ y[Upsin(27rf gt) + U ge— Upmind 2, (24)
plied voltage. The data shown in Fig. 21 confirms the qua-
dratic 12?)-v characteristic expected from E€2). The  Without any bias Uy = 0 V), (A), the EFISHG signal
solid curve is a fit of exhibits a small modulatior UZsin(4=f4) at twice the fre-
quency of the microwave signal due to the quadrbife’-
1Z2)(U)=A[1+ 7(U—Upyin)?] (23 V characteristic shown in Fig. 11. Since the EFISHG re-
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sponse varies quadratically willuﬁf, the hf field polarity 50
cannot be determined. The observed deviation from a perfect
sin(4xfd) wave form(dashed curvecan be attributed to an
additional contributiore2U U ,,sin(27f) due to the volt-

age offsetU,,,. Applying a bias of—3 V (H) vyields a oo
slightly distorted replica of the microwave signal generated — |
by the dominant EFISHG contribution2U 4 U sin(2mf ). 10 (b)
The deviation from a pure sinusoidal wai@lid curve is 0
now caused by the termcuﬁfsin(Zm‘st)2 indicating that 104
Uy Ups. Finally, for a bias which is much larger than the L r T r I T T T
hf signal, e.g..—5 V (@), the enhanced modulation of the 0 100 200 300
EFISHG response becomes almost linear with respect to the time [ps]

probed microwave signallJ,sin(2=fg). The solid and ) _ _

dashed curves in Fig. 12 are the best fits of &) to the FIG. 13. Microwave signal at the frequencie®) f;=2.043
experimental data, when we uge= 11.5¢10 2V 2 and  CHZ and(b) f5=10.065 GHz (;=5 kHz, Uge=+4 V).
Umin=—170 mV as determined from the stati¢*)-V char-

acteristic. We are able to deduce a value of10® V for V. CONCLUSIONS

the amplitudel)y, of the microwave signal. The good agree- In conclusion, we have performed a comprehensive analy-
ment between the fit curves and the experimental data dem- ' . . L
onstrates that the stati€“)-V characteristic is also valid for > (.)T the effects of static and h|gh-frequer_10y electric fields
high-frequency fields. However time-resolved measuremen silicon MS and _M.OS s_tructures on optical SHG. Both,
via a multichannel data acquisition unit requires relative lon inear and paraboliclike bias dependences of the EF_ISHG
data processing times. If only the amplitudg; is of interest esPonse have been found. In the former case the width of
and not the entire time wave form, then the recording timghe silicon SCR exceeds the volume generating the SH sig-
can be drastically reduced by frequency domain sampling?@l. and hence only a small part of the voltage drop in the
For these measurements, the single photon events afCR contributes to the EFISHG response, whereas in the

counted only by two channels, which are gated alternateljatter case the silicon SCR is screened by photogenerated
with half the period (1/2 1y of the reference signal. Analo- free carriers or the SH penetration depth exceeds the width of

gous to a lock-in amplifier, the difference betweenthe SCR. The results are in good agreement with theoretical
the counting rates  A(Up) =139 (U sin(2nft)) predictions based on a general Green'’s function formatism,
—1@9) (U gsin(2nfit+m) is proportional to the average Which directly takes into account the spatial distribution of
value of the intensity modulation and is independent of timethe bias field in the silicon SCR. Furthermore, measurements
constant SH contributions, which causes the offset of thef the azimuthal SH anisotropy from ($iL1) MOS and
high-frequency EFISHG curves in Fig. 12. Since the timeSi(001) MS interfaces have been performed in the presence
wave form of the hf signal is comprised i&(U,y), the data  of a reverse bias allowing a clear separation of various an-
acquisition time is reduced by a factor of/2. Figure 13 isotropic contributions resulting from inhomogeneous bias
shows the EFISHG data obtained via frequency domain sanfields and anisotropig/(® or ) tensor elements. Finally,
pling of 2- and 10-GHz signals transmitted to the photoconwe have demonstrated the capability of EFISHG for time-
ductive antenna. The time scale represents the phase diffaresolved measurements of free-running GHz signals on sili-
ence between the reference and the EFISHG signal, adjustedn millimeter-wave devices using a femtosecond Ti:sap-
with the mechanical delay stage in the reference &ee phire laser. Such a system greatly simplifies high-frequency
Ref. 16. In Fig. 13, the sinusoidal wave form of the data testing of silicon integrated devices with sampling band-
indicated by the solid curves results from the data acquisiwidths up to 100 GHz. The sensitivity of the EFISHG
tion, which like a lock in amplifier is only sensitive to the method in its present form should permit real-time mapping
frequencyf ¢ and its odd-numbered higher harmonics. There-of subvolt signals in Si MMIC's. Further studies are being
fore, detection of the hf signal with this method is only pos-performed in this laboratory at photon energies of the funda-
sible when a dc bias is applied, becausedgr. = 0 V the  mental below the indirect Si band gap in order to reduce the
EFISHG signal modulates at twice the signal frequency, aimvasiveness of the EFISHG technique caused by photoge-
shown in Fig. 12. nerated carriers.
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