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Optical Rectification Induced by Al-Si Schottky Barrier Potential
and Mechanism of Two-Photon Response’
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Abstract: By observing two-photon response and anisotropy of the light-induced voltage in A1-5i Schottky barrier
potential, it is certified from the experimental and theoretical analysis that the built-in electric field generated by
the Schottky barrier potential will induce the phenomena of optical rectification in Si photodiode. T hus, it is deduced
that there must be double-frequency absorption caused by phase-mismatch in the mechanism of two-photon re-
sponse of Si photodiode. If the intensity of the built-in electric field is strong enough, the doublefrequency absorp—
tion will be the main factor of the two-photon response, which is different from the conventional opinion that the

two—photon response is just the two—photon absorption.
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1 Introduction

The conventional autocorrelation setup widely
used to measure the ultra—short optical pulse usual-
ly consists of Michelson interferometer, double+fre—
quency crystal and photomultiplier tube'" which is
very expensive, large, and hard to operate. In recent
years, there has been a rapid expansion activity in
the field of nonlinear optics. It is also a hot topic to
substitute double-frequency crystal and photomul-
tiplier tube with two-photon response'” (including
two-photon absorption and doubleHfrequency ab-
sorption) semiconductor photodiode in autocorrela—
tion setup'™™. When a beam from the laser to be
measured is incident on a photodiode and photons
possess energy hv less than the semiconductor en—
ergy gap Ee, but greater than E./2, an electron can

be excited from the valence band to the conduction
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band by the absorption of two photons or double
frequency absorption, thus photocurrent is generat-
ed. Since the photocurrent is proportional to the in-
cident intensity, it can be used to constitute auto—
correlation setup. The nonlinear photoelectric de-
tector with a very small volume conjoins the work-
ing of double frequency ecrystal and photomulti-
plier, so two-photon response detector and Michel-
son interferometer can be assembled to constitute
an autocorrelation setup with low price, compact
structure, convenience of using which can be ap-
plied in a wide wavelength range.

However, the principle of two-photon response

| 5. 6] . .
and there is no conclusion on

is not well known
whether direct two-photon absorption or double—
frequency absorption dominates, or both exist. T he
conventional opinion is that the two-photon re-
sponse is just a two-photon absorption'*". We ob-

served two-photon response and anisotropy of the
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light-induced voltage in A1-Si Schottky barrier po-
tential, and found that the anisotropy is well corre—
spondent with the theoretical analysis of optical
rectification. So the existence of optical rectification
is verified and doublefrequency absorption exists
can be concluded. In Section 2, how to measure the
anisotropy in an appropriate experimental setup is
introduced. In Section 3, a theoretical analysis is
conducted, and one conclusion is presented in Sec—

tion 4.

2 Experimental setup and measure-
ment

The experimental setup is shown as Fig. 1.
The laser is InGaAsP semiconductor with wave—
length of 1.3um and the chopper frequency is
140Hz. The specification of the objective lens is 12/
0. 3. The polarizer is used to generate linear polar—
ization light and the A/2 plate can change the polar—
ization direction of linear polarization light without
changing its intensity. The sample in the experi-
ment is intrinsic silicon slice of 10mm length, 4mm
width and 0. 4mm height as shown in Fig. 2, whose
upper and nether surface are vaporized with Al to

form electrode.
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Fig. 1 Experimental setup
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Fig.2 Sample and coordinate in analysis

The laser beam is incident normally to ( 110)
and (001) respectively in the experiment. T he po-
larization direction of radiation changed but the in-
tensity not when the A/2 plate rotated. T he lock-in
amplifier would measure the photo-voltage gener-
ated by the incident light beam. Then the depen-
dence of voltage on the polarization direction of in-
cident light was obtained. When the laser beam is
incident normally to (110}, the dependence relation
was shown in Fig. 3, where 6 was the angle be-
tween direction [ 001] and polarization direction,
Va, Vi indicated the photo—voltage when the laser
beam was incident on the upper Al/Si interface of
the sample and the nether one respectively. When
the laser beam was incident normally to (001), the
dependence of photo-voltage on the polarization
was shown in Fig. 4, where 6 was the angle be-
tween direction [ 110] and polarization direction.
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Fig. 3 Dependence of photo—voltage on the po—
larization direction when the laser beam being in—

cident normally to (110)
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Fig. 4 Dependence of photo-voltage on polariza—
tion direction when the laser beam being incident

normally to (001)
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3  Theoretical analysis and discus-
sion

It is well known that Si belongs to Ow and pos—
sesses symmelrical center, so the second-order sus—
ceptibility tensor is zero. But when it is under very
strong electric field £, the symmetry will be broken
and there will be an effective second-order suscep—
tibility tensor X' that can be expressed as product
of the third-order susceptibility tensor X and the
applied field E, namely'"

X?= xV-E (1

For the sample in the experiment, there is a
Schottky barrier potential between the intrinsic Si
and Al electrode, and the direction of built-in field
is along [Tl 0], so the [Tl 0] effective second-order
susceptibility can be deduced from Eq. (1). It
should be noticed that the axis coordinate changes
and a new one is shown in Fig. 2, so the expression
of X? should be transferred into the new coordi-
nate. At the same time, the expression of X' can
also be obtained from the theory of group. Applied
by an electric field along [TIO] , the symmetry of Si
will decline into C» and the form of two-order sus—

ceptibility is

0 0 0 0 0 =xzx xxz 0 O

0 0 0 yyz yzy O 0O 0 0

zxx  zyy zzz 0 0 0 0O 0 0
(2)

where a simplified form is adopted, such as X is
written as xxx.

When the laser beam is incident normally to
(110), the lightwave field can be written as

E(w) = Eo(w) cosbx + Eo(w)sin®z  (3)

Because there is a effective two-order suscepti-
bilitv, optical rectification will be generated. and
the polarization intensity of optical rectification can
be written as

Po= Y XPE(wE; (w)
if

XoE(w) + X EXw)
X E3( w) cos™@ + X...E§(w)sin’@

cisin'®+ ¢ (4)

where c1= Ef( @) (Xeim Xoww) s 2= Ed( ) Xexx

[n Fig. 3 the solid curves are fitting curves.
For Va,the fitting equation is:

(300.11 £ 4.47) + (38.07 = 7.9)sin’® (5)
For Ve, it is:

(266.78 + 4.84) — (57.81 * 8.5)sin’0 (6)

[t is well correspondent with the experimental
data in Fig. 3. The directions of the built-in field at
the upper and nether are reverse, so while optical
rectification weakens one built-n field, it enhances
the other. Thus, the maximum point of Curve A is
the minimum point of Curve B, and vice versa.

For Fig. 4, the laser beam is incident normally
to (001), so the lightwave electric field can be writ-
ten as

E(w) = Eow)cosBy + Eo w)sinbz (7)

T hen the polarization intensity of optical recti—

fication can be written as

Po. = E Xi?fff( w) E; (w)

Xy EX(w) + XeEX(w)

X Ed(w) cos’0+ Xeo:Ed(w)sin’®

csin' @+ ¢ (8)
cr= ES(0) (X = Xo),e2= Ed(w0) Xy,

It is the same as shown in Fig. 3, the solid

curves are fitting curves. For Va, the fitting equa-
tion is:
(183.00 + 7.05) + (112.00 * 13.23)sin’0
(9)
For Ve, it is:
(145.67 = 2.73) - (31.89 *+ 4.80)sin’8
(10)

The concrete analysis is the same as the for—
mer.

So the obtained photo-voltage is caused not
only by the photovoltaic effect, but also by the op-
tical rectification. Because both the optical rectifi-
cation and the doubledfrequency effect are the sec—
ond-order nonlinear optical effects, they must exist
at the same time.

From the above analysis, we can draw a con-
clusion that the Schottky barrier potential can

break the symmetry of Si, and make Si have the
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second-order nonlinear optical effect. So we can de-
duce that there must be the doubleHfrequency ab-
sorption caused by phase-mismatch in the Si Schot—
tky barrier photodiode. If the intensity of the built—
in electric field is strong enough, the effective sec—
ond-order nonlinear susceptibility of Si will be
much larger than its third-order nonlinear suscepti-
bility. Thus the doubledfrequency absorption will
be the major factor of two-photon response. T his is
different from the conventional opinion that the
mechanism of the two-photon response is just the

two-photon absorption.

4 Conclusion

We measured the dependence of photo-voltage
on the polarization direction of the incident linear
polarization light. The experimental data is well
correspondent with theoretical analysis. From the
experimental and the theoretical analysis, it is con-
cluded that optical rectification that is second-order
nonlinear effect exists in Si devices when there is
built-in electric field. According to the theory of
nonlinear optics, optical rectification and double
frequency effect appear simultaneously, so it can be
said that doubleHrequency absorption caused by

phase-mismatch must exist when there is built-in

electric field. If the intensity of the built-in electric
field is strong enough, the double-frequency ab-
sorption will be the main mechanism of two—-photon
response, which is different from the conventional

opinion.
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