COL 10(8), 082301(2012)

CHINESE OPTICS LETTERS

August 10, 2012

Experimentally distinguishing electro-optic effects in silicon
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Different electro-optic effects, such as Kerr effect, Pockels effect induced by the electric field or strain,
and plasma dispersion effect exist in silicon. Experimentally distinguishing these effects is necessary for
designing silicon-based electro-optic devices. According to their different polarization dependencies and
frequency responses, these effects are measured and distinguished successfully via a transverse electro-optic
modulation experiment based on the near-intrinsic silicon sample. The results indicate that Pockels effect
induced by the electric field or strain is primary among these effects in the near-intrinsic silicon sample.
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Silicon is an important semiconductor, not only as
the microelectronic material, but also for electro-
optic applications!' 3. In recent years, silicon optical
modulators[*~6 have been widely investigated because
they are the key components of integrated optical cir-
cuits. Silicon optical modulators are mainly based on
thermo-opticl™8 and electro-optic! effects. Electro-
optic effects have faster response than thermo-optic
effects; thus, they are the more promising mechanisms
of silicon optical modulators. The electro-optic effects in
silicon can be classified into two types: 1) direct electro-
optic effects such as Kerr effect (KE)['?! and Pockels
effect (PE)"), by which the applied electric field can
change the real part of the refractive index directly, and
2) indirect electro-optic effects such as Franz-Keldysh
effect (FKE)'? and plasma dispersion effect (PDE)!3],
by which the applied electric field is able to alter the
absorption coefficient or the imaginary part of the re-
fractive index, thereby also indirectly changing the real
part of the refractive index according to the Kramers-
Kronig relations. PDE is generally much stronger than
other electro-optic effects in doped silicon. Therefore,
it has become the main operating mechanism of most
silicon optical modulators. In fact, in addition to PDE,
other electro-optic effects exist in silicon optical mod-
ulators. In some situations (e.g., in intrinsic or near-
intrinsic silicon crystals), because carrier density is low,
other electro-optic effects cannot be negligible, and be-
come even stronger than PDE. Therefore, distinguishing
these electro-optic effects in silicon is necessary and
significant. Soref et al.[% theoretically calculated and
compared these electro-optic effects in silicon; however,
they did not experimentally detect and distinguish them.

In this letter, an electro-optic modulation experiment
of near-intrinsic silicon is conducted to draw a distinction
among these effects according to their different polariza-
tion dependencies and frequency properties.

Both PE and KE can directly change the refractive
index of a material in response to an applied electric
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field. KE exists in all materials. KE is also called the
quadratic electro-optic effect because the induced change
of the refractive index is quadratic in the electric field
E (i.e., An < E?). In contrast, PE occurs only in crys-
tals without inversion symmetry. PE is also called the
linear electro-optic effect because the induced change of
the refractive index is proportional to the electric field
(i.e., An < E). Silicon belongs to the m3m point group;
therefore, an ideal silicon crystal has inverse symme-
try. Thus, PE is absent in bulk and unstrained silicon
according to the dipole approximation. However, near
the surfaces and interfaces or in the space charge re-
gions of silicon, the inversion symmetry of silicon can
be broken naturally or by built-in electric field*1% and
strain'®17).  Therefore, the electric-field-induced![*!-18]
or strain-induced!’¥-2%) PE can also take place in silicon.
Both PE and KE are able to produce the birefringence
in silicon.

Provided that a sine wave signal £ = Ep,cos(2t) is
applied on the (111)-cut silicon sample along the direc-
tion of [111], silicon will become a uniaxial crystal with
the optical axis [111] according to the theory of KE. The
difference between the refractive indices of the extraor-
dinary ray and the ordinary ray can be obtained by

Angg = sanp B2 [cos(201) +1]/2, (1)

where s44 is the Kerr coefficient of silicon and nyg is the
refractive index of the bulk silicon without the electric
field.

KE is the bulk effect of silicon. In addition to KE,
PE should also be taken into account at the surfaces or
interfaces of silicon. As for (111)-Si crystals, 3 m symme-
try has been verified at the surfaces of silicon!'"19 and
the optical axis is the [111] axis. Therefore, under the
electric field E = Epcos(t) along the [111] direction,
silicon surfaces remain uniaxial, and the orientations of
the principal axes are unchanged. The birefringence of
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silicon surfaces can be deduced as
Anpg = (Nse —Nso) — (”YBBHSC _713”20)Em cos(t)/2, (2)

where ng =~ ng are indices of the extraordinary
ray and the ordinary ray at silicon surfaces, and
v13 and 33 are effective Pockels coefficients di-
rectly relevant to the effective second-order suscep-

tibility Xﬂﬁ?cff(u,a,ﬁzlﬂ,?)) of silicon (i.e,yu =

2X£25,ct'f/5uu5aa(l = 1,2,---,6) according to the non-

linear optics). Here, ng may include the contributions

from surfaces, the built-in field, and the strain (i.e.,

th) ~ XéQ) + xg? + Xé21)); X(SZ) is the surface second-order

susceptibility; X1(321) and Xé21) are the electric-field-induced

and the strain-induced second-order susceptibilities of sil-
icon, respectively; XSI) = x®). By, Fy; is the built-in field
in the surface layer of silicon. The detailed physical de-
scription of the electric-field-induced PE was discussed
in our previous work['8.

Aside from KE and PE, PDE also exists in silicon be-
cause the applied electric field can change the carrier dis-
tribution. The change of the carrier density will induce
the changes of the refractive index and the absorption
factor according to the following equations!®):

Anppr=—6.2 x 10"22AN —6.0 x 10~ 1¥(AP)3
Aappg = 6.0 x 1018AN + 4.0 x 10718AP ,
(for A = 1.3 um)

3)

where AN and AP are the changes of the densities of
electrons and holes in silicon. From Eq. (3), we note
that PDE cannot produce the birefringence because the
change of the carrier density is not anisotropic, which
is also the reason that PDE is insensitive to the polar-
ization. Usually, AN and AP are proportional to the
applied electric field E = Ep,cos(§2t); therefore, the fre-
quency of the electro-optic signal induced by PDE is the
same as that of the applied electric field.

Contrasting Eqs. (1)—(3), we know that the frequency
response of KE is different from those of PE and PDE.
PDE has no contribution to the birefringence; however,
it influences the light intensity because of the change of
the absorption factor. Thus, we can effectively distin-
guish these effects based on these differences.

In order to distinguish these electro-optic effects, we
set up a transverse electro-optic measuring system (Fig.
1). A near-intrinsic (111)-Si crystal with the resistiv-
ity of approximately 4000€2cm and the carrier density
of approximately 10'? cm™3 is used as the sample, the
orientation and size of which are shown in Fig. 1(a).
The configuration of the sample is a metal-insulator—
semiconductor—insulator-metal (MISIM) planar capac-
itor. In order to prevent carriers from injecting into
the silicon sample, two sufficiently thick (approximately
160 pm) polyester insulating layers are sandwiched be-
tween the metals and silicon. The measured total electric
capacity of the sample structure without bias is approxi-
mately 16.5 pF. The dielectric constant of the insulating
layers is approximately 3.0. The electric capacity of the
insulating layers, C;, is approximately 16.6 pF. The De-
bye length, Lp, of the silicon sample is approximately

3.8 pm. The flat band capacity of the silicon sample
is approximately 5.6 nF. Thus, only a small amount of
applied voltage will drop on the space charge region of
silicon. and most will drop on the insulating layers, and
the small-signal modulating model will be satisfied.

The transverse electro-optic amplitude modulation
structure is shown in Fig. 1(b). In our experiments,
a 200-mW CW laser with the wavelength of 1.342 pm is
used as the light source, and a 1-kHz sine signal from the
signal generator is applied on the sample. The [111] axis
(i.e., z axis) of the silicon sample and the polarizations
of the polarizer are vertical in the space. The fast axes
of the quarter-wave plate and the analyzer are, respec-
tively, 45° and 6 with respect to the [110] axis (i.e., =
axis). According to the Jones matrix calculation, the
intensity of the output beam I, from the analyzer can
be obtained as

Tout ~ Lin{1— [0 % Aa(E)|I}[1 - A¢(E) sin26] /2, (4)

where [, is the intensity of input beam from the po-
larizer; [ is the propagation length in silicon; «p =~
3.5 x 1076 cm~! is the absorption factor of silicon at
the wavelength of 1.342 pm without the applied electric
field®Y, agl << 1 for our experiments. Here, Aa(F)
is the change of the absorption factor caused by PDE
defined in Eq. (3) and Aa(E)l << 1 because the density
of the free carrier is very low and the thick insulting layers
prevent the carriers from injecting into the near-intrinsic
silicon sample effectively. In addition, A¢(E) << 1, un-
der the condition of small-signal modulation, is the phase
difference between the ordinary light and the extraor-
dinary light that describes the birefringence in silicon,
including the KE component A¢kg(F) and the PE com-
ponent A¢pg(E), which can be written as

AP(E) = Agki(E) + Adpr(E)

= 27TATLKEZ/)\ + 27TA7’LPEZ/)\, (5)
where A is the wavelength of probing beam in the free
space. Therefore, the intensity of the output beam will

be modulated by the applied electric field, and the mod-
ulated beam is received by the Ge photodetector. Finally,
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Fig. 1. Configuration of the silicon sample and the measuring
system: (a) MISIM configuration of the silicon sample, the
sizes and orientations of which are denoted; (b) experimental
setup.
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the photocurrent from the photodetector is connected
into the lock-in amplifier, and the electro-optic signals
are detected. Because the lock-in amplifier cannot de-
tect the DC signal, the electro-optic signal detected by
the lock-in amplifier could be written as follows based on
Egs. (4) and (5):

Veo=Vi+Vo+ V3 +Vy+ V5

Vi = ClLinAa(E)l/2

Vo = ClLin(1 — apl)wlAnpg sin 26/ A (©)
Vs = Clin(1 — apl)wlAngg sin26/\

Vi = ClinAa(E)mlAnpg sin 20/

Vs = ClinAa(E)mlAnkg sin 20/ A

where C' is the constant relevant to the optical elements,
the responsivity of the Ge photodetector, and the electri-
cal system. Among these electro-optic signals, V7 is only
caused by PDE and independent of the azimuth 6 of the
analyzer, V4 is only induced by PE, V5 only results from
KE, V4 is caused by both PDE and PE, V5 is induced by
both PDE and KE, and Vo—Vj; are all dependent on the
azimuth 6 of the analyzer. Moreover, the frequencies of
V1 and V5 should be identical with the modulating fre-
quency €2, the frequencies of V3 and Vj should be equal
to 292, and the frequency of V5 should equal 3€2.

We need to point out that KE induced by the mod-
ulating electric field E(f2) is taken into account in this
letter. Even though the optical electric field E(w) and
the DC built-in field Ep;(0) can also induce the index
change based on the self-focusing effect and KE, respec-
tively, these effects cannot be detected by the lock-in
amplifier in the measuring system because they can-
not cause the alternating change of the intensity of the
probing beam. Moreover, through the interaction of
the optical electric field E(w) and the modulating elec-
tric field E(Q), the third-order polarization, P3() =

620X (w, —w, Q):E(w)E*(w)E(R) will be generated in
the silicon sample, which could combine with the ap-
plied electric field E(Q) and affect the polarization of
the probing beam. However, the polarization field rela-
tive to P(®)(Q) should be much weaker than the applied
electric field E(Q2); therefore, we can ignore the effect of
P®)(Q) on the receiver response.

We first measured the electro-optic signals with the
frequency of Q under different AC modulation voltages.
The relationship between the electro-optic signals and the
modulation voltage was obtained, shown in Fig. 2. Note
that the electro-optic signals linearly increase with the
modulation voltage. These electro-optic signals should
include two kinds of components, V7 and V5, which are
from PDE and PE respectively. As for the silicon sample
with the MISIM structure, it can be taken as two back-
to-back metal-insulator-semiconductor (MIS) capacitors.
According to the theory of MIS capacitors, in strong in-
version operation, the relation between the change of car-
rier density AN and the drive voltage Vg can be written
as

€0E;

AN = ﬁ(vg — Vru), (7)
where g is the permittivity of free space, ¢; is the dielec-
tric constant of the insulating layer, d; is the thickness of
the insulating layer, e is the elementary charge, t is the

effective charge layer thickness, and Vry is the thresh-
old voltage. Therefore, according to Egs. (3), (7), and
(6), the electro-optic signal V4 based on PDE is propor-
tional to the modulation voltage. As for the electro-optic
signal V5, because apl << 1 and Aa(E)l << 1, the mag-
nitude V5 is mainly decided by Anpg. According to Eqs.
(2) and (6), the electro-optic signal Vy should also be
proportional to the modulation voltage. Thus, the total
electro-optic signal shown in Fig. 2 increases with the
modulation voltage linearly.

In order to further distinguish between PE and PDE,
we measured the dependence of electro-optic signals on
the azimuth of the analyzer at the modulation voltages of
170, 100, and 50 V, respectively. The results are shown in
Fig. 3. The larger the modulation voltage, the stronger
the electro-optic signal. However, the modulation voltage
does not affect the relationship between the electro-optic
signal and the azimuth of the analyzer. In Fig. 3, the
solid lines are theoretical fitted curves. The fitted func-
tions are written as

Voo = 0.35+4.25in2(6 + 68)  (Vac = 50 V)
Voo = 2.5+ 8.65in2(A+68)  (Vae = 100 V)
Vo = 3.3+ 14.25in2(0 + 68)  (Vae = 170 V)

(®)

From Eq. (8), the electro-optic signals include two com-
ponents: first one is independent of the azimuth of an-
alyzer, whereas the second is related to the azimuth 6. In
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Fig. 2. Dependence of the electro-optic signal with the fre-
quency of €2 on the AC modulating voltage for silicon sample
with MISIM capacitor structure.
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Fig. 3. Dependence of the electro-optic signal with the fre-
quency of €2 on the azimuth 0 of the analyzer under different
modulating voltages.
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fact, the component independent of the azimuth should
be owed to PDE, which is the electro-optic signal V;
defined by Eq. (6). The second component should be
from PE, which is the electro-optic signal V5 described
by Eq. (6). Comparing these two components, PE is
stronger than PDE in our near-intrinsic silicon samples.

The electro-optic signal with the frequency of 22 was
also measured by setting the reference channel of the
lock-in amplifier at the harmonic detection with the har-
monic number of two. The results are shown in Fig.
4. Note that the electro-optic signal with the frequency
of 2Q) is a quadratic function of the applied voltage.
Actually, the measured electro-optic signals with the
frequency of 2Q should include, not only Kerr signal
relevant to V3 in Eq. (6), but also the quadratic electro-
optic signal relevant to V4 in Eq. (6). However, silicon
is nearly transparent to photons with wavelengths larger
than 1.1 pm; thus, the absorption factor aq of silicon
is very small (approximately 3.5 x 107¢ ecm™! at the
wavelength of 1.342 pm, that is (1 — apl) >> Aa(E)l).
Therefore compared with the Kerr signal, the electro-
optic signal relevant to V4 can be ignored in the exper-
iments. Moreover, FKE can also be neglected in our
experiments because FKE occurs only near the absorp-
tion edge of silicon and under the very strong electric-
field. In our experiments, the wavelength of the probing
beam is 1.342 um, which is larger than the absorption
edge 1.1 um, and the electric field is not very strong
(i.e., less than 10® V/cm). Actually, FKE can also be
distinguished from other electro-optic effects in silicon
because the index change An based on FKE is usually
proportional to E(Q)™ (3 > m > 2). Here E(Q) is the
modulating electric field.

We also measured the dependence of the quadratic
electro-optic signals with the frequency of 2€2 on the az-
imuth of the analyzer at the applied voltage of 170 V, as
shown in Fig. 5. The solid line is the theoretical fitted
curve. The fitted function is written as

Veo = —1.0 4 4.26in2(0 + 25). (9)

From Eq. (9), we can see that the quadratic electro-
optic signals also include two components: the constant
independent of the azimuth 6 of the analyzer and the
component relevant to the azimuth 6. Based on Eq. (6),
the latter is the Kerr signal induced by the modulating
field E(Q?), whereas the former may include background
noise and thermo-optic signal likely resulting from the
feeble electric current (several microamperes) and the
laser irradiation in the silicon sample.

According to the Eq. (6), the total electro-optic signals
should also include the component V5 with the frequency
of 3Q, which is determined by the product of Aa(F) and
Ankg. Compared with Vi-Vy, V5 is much smaller. We
measured it by setting the reference channel of the lock-
in amplifier at the harmonic detection with the harmonic
number of three. However, this signal is so small that it
cannot be detected.

In conclusion, a method for distinguishing the electro-
optic effects such as KE, PE, and PDE in silicon crystals

fitted fuction: y=0.27611+1.159 x 10-'x*
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Fig. 4. Quadratic electro-optic signal with the frequency of
2Q2 versus AC modulating voltage.
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Fig. 5. Dependence of the quadratic electro-optic signal with
the frequency of 202 on the azimuth 6 of the analyzer.

is put forward. This method is mainly based upon the
fact that these electro-optic effects have different fre-
quency characteristics and polarization dependencies.
Using our method, we experimentally measure and dis-
tinguish these electro-optic effects in the (111)-cut near-
intrinsic silicon crystal. The results indicate that PE
resulting from the surface electric field and surface strain
is the major electro-optic effect in the near-intrinsic sil-
icon sample. According to our experimental results, the
signal of PE is over four times larger than that of KE
or PDE. Because these effects are considerable, they
must be considered in designing the silicon-based opto-
electronic devices. They may also be used as tools to
study the properties of surfaces and interfaces of sili-
con devices. The method for distinguishing these effects
might play an important role in designing and fabricat-
ing the silicon-based photonic devices. The method is
also suitable for investigating the electro-optic effects in
other isotropic materials with inversion symmetry (e.g.,

electro-optic effects in diamonds[??)).
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