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Electrooptical Effects in Silicon

RICHARD A. SOREF, SENIOR MEMBER, IEEE, AND BRIAN R. BENNETT

Abstract—A numerical Kramers-Kronig analysis is used to predict
the refractive-index perturbations produced in crystalline silicon by
applied electric fields or by charge carriers. Results are obtained over
the 1.0-2.0 um optical wavelength range. The analysis makes use of
experimental electroabsorption spectra and impurity-doping spectra
taken from the literature. For electrorefraction at the indirect gap, we
find An = 1.3 x 10° at A = 1.07 um when E = 10° V/cm, while the
Kerr effect gives An = 107° at that field strength. The charge-carrier
effects are larger, and a depletion or injection of 10'® carriers/cm” pro-
duces an index change of +1.5 x 10 % at A = 1.3 ym.

[. INTRODUCTION

UIDED-WAVE components for operation at the 1.3

and 1.6 pm fiber-optic wavelengths were constructed
recently in crystalline silicon [1]-[3]. Passive compo-
nents such as channel waveguides and power splitters were
demonstrated in the initial work, but the next phase of
research will deal with active components such as elec-
trooptical switches and modulators controlled by voltage
or by current. This paper estimates the size of voltage
effects and current effects that may be expected in such
devices. The Pockels effect is absent in bulk, unstrained
silicon; thus, other electrooptic effects are considered
here.

The active crystalline-silicon (c-Si) devices can be loss
modulators or phase modulators. In this paper, we shall
emphasize devices that modify the phase of a guided op-
tical wave without modifying the wave amplitude, In other
words, we are investigating low-loss phase-shifting mech-
anisms based upon a controlled change in the refractive
index of the waveguide medium.

The goal of this paper is to calculate the refractive-in-
dex change (An) of c¢-Si produced by an applied electric

field (£) or by a change in the concentration of charge

carriers (AN). Changes in the optical absorption coeffi-
cient of the material (A«) at the wavelength of interest
will be examined to verify that low-loss propagation is
achieved. For room-temperature material, results are
given here over the optical wavelength range from 1.0 to
2.0 pm.

II. THEORY

The complex refractive index may be written as n + ik
where the real part n is the conventional index and the
imaginary part k is the optical extinction coefficient. k is
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related to «, the linear absorption coefficient, by the re-
lation k = aA/47 where \ is the optical wavelength. It is
well known that n and & are related by the Kramers—-Kronig
dispersion relations. The same relations hold for An and
Ak as discussed below. It has been known for many years
that the optical absorption spectrum of silicon is modified
by external electric fields (the Franz-Keldysh effect) or
by changes in the material’s charge-carrier density. If we
start with an experimental knowledge of the modified
spectrum Aa(w, £) or Aa(w, AN), then we can compute
the change in the index An.

The Kramers-Kronig coupling between An and A« has
been specified in several textbooks and journal articles,
as follows:

o« ’ '
An(w) = (c/m)P S ég;(iww—

2
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where hw is the photon energy. Absorption may be mod-
ified by an altered free-carrier concentration:

Aa(w, AN) = a(w, AN) — alw, 0)
or @ may be changed by an applied electric field:

Ac(w, E) = al(w, E) — alw, 0)._

'. The photon energy is

expressed in electron-volts, so it is convenient to work
with the normalized photon energy “‘V’°* where V = hw/
e. Recognizing that the quantity hc/27’e = 6.3 x 107°
cm + V, we can rewrite (1) as

An(V) = 63 X 10 5cm - VP S AoV av:

e

III. ELectrIC-FIELD EFFECTS

The Franz-Keldysh effect, which alters the & spectrum
of ¢-8i, is field-induced tunneling between valence and
conduction band states. In recent years, the generic term
‘‘electroabsorption’” has been adopted for Aa versus E
effects. The companion effect, electrorefraction, is inves-
tigated here. It is assumed that the starting material has
high resistivity or is undoped so that ohmic losses are
minimized.

In this paper, we shall consider electroabsorption at the
indirect gap of ¢-Si (E, = 1.12 eV). The electroabsorp-
tion spectrum at the indirect edge has been measured in
detail by Wendland and Chester [4]. Their experimental
data are given in Fig. 1. We digitized the Aa curves in
Fig. 1 and entered the data in a Hewlett-Packard model
6000-300 computer that was used for the dispersion cal-
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Fig. I. Electroabsorption data from Wendland and Chester [4, Fig. 3] at
the indirect gap of c-5i.
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Fig. 2. Electrorefraction versus A in c-Si, determined from Fig. 1.

culation. Numerical integration per (2) was carried out
using the trapezoid rule, with an abscissa interval of 1
meV. A computer routine was used to interpolate values
of the Ax curve between entered points.

The quantity An(Aw) was calculated over the range from
hw = 0.77 to 1.23 eV. This range includes a transparent
region and a 0.11 eV excursion above the nominal gap.
Then, Ar was expressed as a function of optical wave-
length from 1.00 to 1.60 pum. These electrorefraction re-
sults are shown in Fig. 2. It is found that An is positive
for A > 1.05 um, and that Ar is a strong function of
wavelength. Starting at 1.3 um, as A is decreased towards
the gap wavelength, An rises rapidly and reaches a max-
imum at 1.07 pm, a wavelength slightly below the nom-
inal A,. Then, as A decreases further, An decreases and
becomes negative. We find at 1.07 pm that An = +1.3
X 107° when E = 10° V/cm.

The change in index as a function of applied E field is
plotted in Fig. 3 at the optimum 1.07 pm wavelength and
at the nearby 1.09 um wavelength. The rate of increase
An/AE is found to be slightly faster than E*, and at 1.07
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Fig. 3. Field dependence of electrorefraction at two wavelengths, as de-
termined from Fig. 2. The dashed lines are extrapolations.

400

pm the extrapolated value of An reaches 107* at E = 2
X 10° V/em. The dielectric breakdown strength of silicon
is 4 x 10° V/cm at N; = 10" cm ™ (Fig. 2-13 of Sze [5]).

Electroabsorption is present at the direct gap of silicon
(E, = 3.4 eV); however, transmission measurements of
electroabsorption near 3.4 ¢V are precluded by the high
zero-field absorption at these photon energies. The 3.4 eV
region can be accessed with electroreflectance measure-
ments [6]. The refractive-index perturbations at A = 1.07
pm caused by direct-gap electroabsorption are expected
to be smaller than the indirect-gap An’s and are related to
the Kerr effect discussed below.

Judging from the Si electroabsorption results of Gutkin
et al. [7], 8], we expect a polarization dependence of
electrorefraction. We predict that electrorefraction will be

2% stronger for Eqy || Epp than for Eq L E,p where

E,, is the linearly polarized optical field and E,; is the
applied field. (It is assumed that light propagates at 90°
to Eappl‘) These predictions hold for E,,; | <100} or for
Eappl H <]11>

Another *‘pure field effect,”’ the Kerr effect, is present
in Si. We have estimated the strength of the Kerr effect in
c-Si using the anharmonic oscillator model of Moss er al.
[9]. We used (9.33) in their book and made the approxi-
mation w << wg, which gives the result

An = =3 — DE?2nM*wix® (3)

a perturbation that is independent of optical wavelength
in this model. Here, e is the electronic charge, n is the
unperturbed refractive index, M is the effective mass, wyq
is the oscillator resonance frequency, and x is the average
oscillator displacement. Using the values in Moss’ dis-
cussion (n = 3.50 at A\ = 1.3 um, M = the electron mass,
wg = 27 X 10" rad/s, and x = 107% m), we find from
(3) the result shown in Fig. 4, a plot of Ar versus applied
E field. The predicted An reaches 107 at E = 10° V/em.
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Fig. 4. Kerr effect in ¢-Si versus E as determined from anharmonic oscil-
lator model.

There is uncertainty about the sign of the Kerr effect. The
anharmonic oscillator model predicts a negative An, while
a four-wave mixing experiment [10] suggests that An is
positive.

IV. CHARGE-CARRIER EFFECTS

The optical properties of silicon are strongly affected
by injection of charge carriers into an undoped sample
(AN) or by the removal of free carriers from a doped sam-
ple (—AN). However, we are not aware of any experi-
mental results in the Si literature on spectral changes via
injection/depletion. There are, on the other hand, numer-
ous literature references to the effects of impurity doping
on Si optical properties. Optically, it does not make much
difference whether carriers come from impurity ionization
or from injection. Thus, an equivalence is assumed here.
We draw upon experimental results that show how the «
spectrum is changed by a density N; of impurity atoms in
the crystal. The An calculated from that spectrum is as-
sumed to be the An that arises from AN.

Three carrier effects are important: 1) traditional free-
carrier absorption, 2) Burstein—-Moss bandfilling that shifts
the o spectrum to shorter wavelengths, and 3) Coulombic
interaction of carriers with impurities, an effect that shifts
the spectrum to longer wavelengths. These act simulta-
neously. What is actually observed is an « redshift; thus,
Coulombic effects are stronger than bandfilling in c-Si
(see [11] and [12]).

For impurity concentrations in the 10*-10* cm
range, Schmid [11] has given detailed absorption spectra
for n-type and p-type silicon in both the transparent (hw
< E,) and opaque (hw > E,) regions covering 0.6 eV <
hw < 1.5 eV. His data are the basis for our Kramers—
Kronig inversion. Spitzer and Fan [13] also present data for
n-type material over a wide infrared range from 0.025 to
1.1 eV. They find a weak absorption band from 0.25 to
0.82 eV. Using the above data, Fig. 5 is a composite
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Fig. 5. Optical absorption spectra of ¢~Si showing the influence of various
concentrations of free electrons.
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drawing of optical absorption versus Ae for various con-
centrations AN of free electrons. For the undoped material
in Fig. 5, we used the data of Dash and Newman [14],
Spitzer and Fan [13], and Schmid [11]. Over the 0.25-
0.82 eV range, we extrapolated Schmid’s doping curves
to follow the spectral shape of Spitzer and Fan’s data.

In n-type Si, for wavelengths longer than the 5 wm ab-
sorption band edge, the experimental results of [13] show
that free-carrier absorption follows a A\* law out to A =
50 um for samples with 8 X 10'® cm ™ doping. In addi-
tion, Balkanski and Besson [15] observe that « in n-type
samples saturates or ‘‘levels off”’ over the 50-87 um
range. Randal and Rawcliffe [16] find that the a()\) spec-
trum is flat from A = 100 to 500 pm. For these reasons,
we conclude that the Fig. 5 curves should include a level-
ing off of « in the far infrared, as well as the o ~ A\’
middle-infrared behavior mentioned above.

Schumann ef al. [17, Fig. 142] have presented a curve
of « versus AN in n-type Si at the 87 um wavelength, a
curve reproduced here as Fig. 6. On this curve, we have
plotted the experimental result of [15], Also plotted in
Fig. 6 is a theoretical curve for p-type Si, a curve drawn
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Fig. 7. Optical absorption spectra of ¢-Si showing the influence of various
concentrations of free holes.

through the two experimental data points of Walles and
Boija [18], [19]. The curves in Fig. 6 show the absorption
plateaus that are reached by a(A) in the far infrared. This
information is used in Fig. 5 where the a(w) curves for
the various AN’s were flattened (as shown) at the values
taken from Fig. 6. The saturation of « at low frequencies
is also consistent with the reflectivity measurements of
Schumann and Phillips [20]. Above ecach plateau, an w >
extrapolation is used in Fig. 5. In the higher frequency
portion of Fig. 5, (Aw > 1.2 ¢V), we assumed that the
various curves merged smoothly into the undoped curve
as shown. The merger is complete above 2.8 eV. In Fig.
5, the range of integration used for the Kramers-Kronig
inversion was 0.001-2.8 eV.

A composite drawing for p-type Si is shown in Fig. 7.
This figure presents experimental o versus hw data for
various concentrations AN of free holes. Unlike n-type
material, the p-type Si does not show the near-infrared
absorption band, and several investigators have found that
free-hole absorption follows a A> law reasonably well over
the near and middle infrared. Hence, an w ™ extrapolation
of Schmid’s data is used in Fig. 7. The prior three liter-
ature sources are used for the undoped sample spectrum.
As in Fig. 5, we again take into account the leveling off
of « in the far infrared. The saturation values of «(A\) at
87 pum for p-type Si are found in Fig. 6 for the different
AN values of Fig. 7, and these plateaus are used in Fig.
7 near 0.1 eV as shown. The merging of curves at i >
1.2 ¢V in Fig. 7 is similar to that in Fig. 5. As in Fig. 5,
the range of integration in Fig. 7 for (2) was 0.001-2.8
eV.

With the aid of x-y lines drawn on Figs. 5 and 7, the
(e, w) data were digitized and entered into the computer,
and the absorption spectrum of pure material was sub-
tracted point by point from each of the quantized a(AN)
curves to give a set of Ax values that were inserted into
the numerator of (2). With our trapezoid-rule program,
we calculated the integral (2) over the range V = 0.001-
2.8 V, and we took N; = AN. This produced the result
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shown in Fig. 8 for free electrons and the result of Fig. 9
for free holes. Figs. 8 and 9 are plots of An as a function
of wavelength from 1.0 to 2.0 pm with AN as a parame-
ter. The increase of An with N is approximately quadratic.
Next, we used the results of Figs. 8 and 9 to determine
the carrier-concentration dependence of An at the fiber-
optic wavelengths: N = 1.3 or 1.55 um. Those results are
shown in Figs. 10 and 11. The curves presented in Figs.
10 and 11 are least squares fit to the data points obtained
from Figs. 8 and 9. In Fig. 10 (A = 1.3 um), the free-
hole data are fitted with a line of slope +0.805, while the
free-electron data are fitted with a +1.05 slope line.
In Fig. 14 (A = 1.55 upm), the fitted slopes are
+0.818(holes) and + 1.04(electrons).

It is interesting to compare the predictions of a simple
free-carrier or Drude model of ¢-Si to our An results and
to experimental Aa data. The well-known formulas for
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refraction and absorption due to free electrons and free
holes are as follows:

—(ENY8T Pegn) [AN/mYE + AN/mb] (@)
(ENar*Pegn) [ANmEp, + ANy/mEiu,) (5)

An

1

Aa

where e is the electronic charge, ¢, is the permittivity of
free space, n is the refractive index of unperturbed c-Si,
m, is the conductivity effective mass of electrons, my, is
the conductivity effective mass of holes, u, is the electron
mobility, and u, is the hole mobility.

We shall consider first the added loss introduced by free
electrons or free holes. Theoretical curves from (5) are
plotted together with the experimental absorption values
taken from Schmid [11] and from Spitzer and Fan [13].
Curves for electrons and holes at the 1.3 and 1.55 pm
wavelengths are given as a function of ‘‘injected’’ carrier
concentration in Figs, 12-15. The theoretical curves in
Figs. 12-15 were obtained by substituting the values m,
= 0.26 my and m};, = 0.39 m, into (5). The mobility val-
ues used in (5) were taken from Fig. 2.3.1 of Wolf [21].
An examination of Figs. 12-15 reveals that the Aa’s pre-
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dicted from simple theory are approximately 0.5 of the
actual values for holes, and are approximately 0.25 of the
experimental values for electrons.

We consider now the An results of Figs. 8-11. Gener-
ally, we found that free holes are more effective in per-
turbing the index than free electrons, especially at AN =
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10'7 em~? where An(holes) = 3.3 An(electrons). This re-
sult differs from the Drude theory result obtained from (4)
above where An(holes) = 0.66 An(electrons) over the en-
tire AN range (see [3, Fig. 2]). For electrons, the results
in Figs. 8-11 are in good agreement with the prediction
of (4) [3, Fig. 2] but for holes, the (AN)"* dependence of
Figs. 8-11 differs from the An ~ AN prediction of simple
theory.

V. Discussion

Electrorefraction and carrier refraction have been ana-
lyzed here. Generally speaking, carrier refraction is the
larger effect. It should be noted that the refractive index
will increase when carriers are depleted from doped ma-
terial [22]; conversely, the index will decrease when car-
riers are injected. The modulation is polarization inde-
pendent. In the injection case, the switch-off time will
probably be limited by minority carrier lifetime (ns to us).
However, the depletion mode is expected to offer much
faster response times, possibly in the picosecond range,
because of carrier sweep out. (Depletion experiments in
III-V materials are discussed in [23] and [24].) The in-
herent on/off response times of electrorefraction are sub-
picosecond. The response in practice is limited by the RC
time constants of the electrooptic device.

We want to obtain practical design rules for guided-
wave modulators and 2 X 2 switches that use electrooptic
phase modulation (PM) without significant amplitude
modulation (AM). However, it will be impossible to reach
the PM-without-AM condition because a finite An is al-
ways correlated with a finite Aa. Nevertheless, we be-
lieve that a meaningful tradeoff can be made between
phase shift and loss, so that complete 2 X 2 switching can
be attained with less than 1 dB of excess optical loss. The
tradeoffs are illustrated in Fig. 16 where we have plotted
the interaction length required for w rad phase shift and
the optical throughput loss produced by this length. Both
quantities are plotted as a function of carrier concentra-
tion. In Fig. 16, we focused on the case of free-hole de-
pletion/injection at A = 1.3 pm. The length L is given
by A2An, and An is taken from Fig. 10. The loss in dec-
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ibels is given by 10 log {exp [—(ap + Aa)L,]} and Ax
is taken from the Fig. 13 experimental values. Submilii-
meter lengths with <1 dB of loss are seen in Fig. 16. To
get an idea of the optical loss associated with electrore-
fraction, we note from Fig. 1 that Aa(1.07 pgm) = 1.9
cm™' and Aa(1.09 gm) = 0.8 cm™' when E = 10° V/
cm, while the initial E = 0 loss from Fig. 5 (undoped Si)
is ap(1.07 pm) = 10 cm ™" and ap(1.09 pm) = 5 ecm™.

VI. SUMMARY

We have performed numerical integration of electroab-
sorption spectra and impurity-doping spectra (taken from
the c-Si literature) to estimate the refractive-index per-
turbations produced by applied fields or by injected/de-
pleted carriers. At A = 1.07 um, an electrorefraction of
An = +1.3 x 107> was found for £ = 10° V/em. This
was due to indirect-gap electroabsorption. Carrier refrac-
tion over the 10"'~10%° carrier/cm’ range was determined.
For a depletion of 10'® free holes per cm?, we found An
=415x 107 atA = 1.3 ymand An = +2.1 x 1073
at A = 1.55 um with An ~ (AN)®® for holes and An ~
(AN)Y"% for electrons.
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