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Abstract: In this article, a method for indium phosphide (InP) electro-optic modulator (EOM)
optimization is introduced. The method can be used for the design and analysis of an EOM based on
the Mach-Zehnder interferometer (MZI) design. This design is based on the division of the input
optical signal into two optical paths and then, after processing, it combines the light into a single
waveguide. The symmetry of the structure can provide state-of-the-art EOM characteristics with a
push-pull control signal. Using a traveling wave electrode (TWE) design as a starting point, the authors
varied the heterostructure design and optical waveguide parameters to obtain the optimal values
of initial optical loss, evenness of the initial optical loss in the operating wavelength range, and the
extinction ratio and length of the modulator arm. The key features of the proposed optimization
method include the following: all independent input parameters are linked into a single system,
where the relationship between the electrical and optical parameters of the modulator is realized;
all physically realizable combinations of the input parameters are available for analysis; and EOM
optimization is possible for one target parameter or for a group of target parameters. The results of
the EOM optimization using the described method are presented.
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1. Introduction

Electro-optic modulators (EOMs) are widely used for the phase or intensity modulation of light
waves in digital and analog fiber-optic systems. High-speed modulators are of particular interest due to
their practical application in advanced telecommunication systems, radio-over-fiber systems, and test
and measurement equipment [1-3]. For the purpose of high-speed modulation, lithium niobate [4],
organic materials [5], and compound semiconductor systems [6] are used. Modulators based on
compound semiconductor systems are preferable to the other types of modulators due to their small
size and the possibility of integrating them with other active and passive optical elements on a single
chip (lasers, semiconductor optical amplifiers, couplers and dividers, arrayed waveguide gratings,
photodetectors, etc.) [7].

Modulators based on compound semiconductor systems can control light wave propagation using
two physical effects: change in permittivity (EOM) [8] or change in the light absorption coefficient
(electro-absorption modulators (EAMs) [9] in optical waveguide media under the conditions of an
applied alternating electric field.

Although EAMs are compact devices, their use is limited to intensity modulation. Moreover,
EAMs demonstrate a relatively poor extinction ratio and a relatively narrow optical signal operating
wavelength range. EOMs may be preferable due to their all-purpose nature: both the phase and
the intensity can be controlled effectively. Additionally, EOMs exhibit a high extinction ratio and a
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relatively broad optical bandwidth. For the intensity control, a Mach-Zehnder interferometer (MZI)
design [10] is used. Furthermore, EOMs use the push-pull principle [11] and have symmetrical
electrodes and optical arm topology.

The symmetry of MZI arms is one of the most important concepts used in MZI EOM
implementation. This feature provides the equality of signal phases in the outputs of arms when
no control signal is applied; thus, minimal signal loss occurs in the “open” state of an EOM. In the
same manner, the symmetry of the arms can provide approximately equal signal intensities in the
outputs of the EOM arms. This is particularly important when obtaining minimal output power in the
“closed” state of an EOM, when the optical signals from the arms interfere with the 7 phase difference.
In addition, the symmetrical layout of the device affords the opportunity to use the push-pull principle
easily, i.e., to control light in both arms simultaneously using electrical control signals with opposite
phases. This can double the efficiency of the electro-optic (EO) conversion per length unit.

In this work, we discuss a high-speed indium phosphide (InP) EOM with an MZI design suitable
for both analog and digital modulation of light with a wavelength of 1.55 pm. The specified EOM
is a complex device that requires careful design; therefore, it is necessary to take into account and to
optimize many input parameters to create an EOM with the following state-of-the-art target parameters:
low initial optical loss, high extinction ratio, wide EO bandwidth, broad range of optical carrier signals,
and low control signal amplitude.

EOM design practice shows that it is impossible to satisfy all of the requirements of all of the target
parameters simultaneously, because the variation of some input parameters can influence different
target parameters in opposite ways. Under such conditions, an important task is to find an EOM design
method that possesses powerful capabilities for optimizing EOMs in terms of each target parameter.

Another key point is how the general approach to the design of EOMs is implemented. As a
rule, optimization of the optical part (heterostructure design and optical waveguide parameters)
and the electrical part (control electrodes) is performed separately, followed by synthesis of the
obtained results [12]. In this paper, the authors propose an approach based on the primacy of control
electrode design: characteristic impedance, effective refraction index, specific capacitance of the control
electrodes, electrical signal loss, and period of internal electrodes. The optimized electrode parameters,
as well as other input parameters (such as the molar composition and quantity of multi-quantum well
(MQW) layers, the thickness of the heterostructure layers, the optical waveguide width, control and
bias voltages, and the fill factor of the internal electrodes), are used to further calculate all target EOM
parameters (e.g., minimal optical loss, unevenness of optical loss in the operating wavelength range,
extinction ratio, and length of the EOM armes).

The method assumes calculation of the target parameter values for all combinations of the input
parameters. The algorithm is implemented in such a way that all input parameters are mutually
agreed and the results of the calculation correspond to physically possible objects. The obtained data
are filtered in accordance with the requirements for the target parameter values. Then, the proposed
multi-parameter data representation is used to perform convenient analysis, which provides a set of
appropriate combinations of the input parameters and allows highlighting the input parameters that are
the most critical for the device’s performance. In the last step, the EOM can be optimized by choosing
the critical input parameter values to satisfy the requirements of the particular target parameters.

The main aim of the work was to describe the proposed method and to show an example of its
use for the optimization of an EOM with a 1530-1560 nm operating wavelength range.

2. Theory

In this section, we discuss the principles and key design points that are important for EOM
functioning. The calculation algorithm introduced further in Section 3 is based on the main relationships
of the electrodes and optical waveguide, which are described in the subsections below.
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2.1. EOM Electrode Design

In this work, we considered the optimization of an EOM by exploiting the traveling wave electrode
(TWE) design and the push-pull principle. The traveling wave concept was used to increase the
efficiency of the interaction between the electrical and optical waves. The TWE of the EOM includes
external and internal electrodes, as shown in Figure 1 [12]. The internal electrodes are represented by
a set of periodic coplanar strip segments, which are electrically connected to the external electrodes.
From an electrical point of view, the internal electrode segments perform as a periodic capacitive load
for the line represented by the external electrodes. Two main requirements should be satisfied for the
TWE. First, the TWE line should be designed around an impedance of 50 ohm to match commercial
radio frequency drivers. Second, close alignment of the optical and electrical wave velocities is required
to obtain the best interaction efficiency and to expand the bandwidth of the EO conversion. The latter
means that the optical and microwave refractive indices should be equal for an ideal case (1).

Nopt eff = My effs @

where 1y, .7 is the optical effective refractive index, and n, .ss is the microwave effective
refractive index.
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Figure 1. The scheme of the push-pull electro-optic modulator (EOM) with a traveling wave electrode
(TWE) [12]: (1) external electrodes; (2) internal electrodes; (3) optical waveguide; and (4) bias
control electrode.

In practice, the 1,y .f¢ value cannot be changed for a chosen waveguide material, and condition
(1) can be obtained only by 1, .¢s adjustment. The possibility of 1, .¢s can be provided by the use of a
TWE with segmented internal electrodes. The TWE with segmented internal electrodes provides the
possibility of electrical signal phase velocity control.

The basic properties of the TWE must satisfy Equations (2) and (3) simultaneously to fit the

requirements mentioned above.
2
Zo = (L, /Cu)"?, )

where Zj is the transmission line characteristic impedance, L, is the specific inductance of the
transmission line, and C,, is the specific capacitance of the transmission line.

My eff = C(Lucu)l/2f (3)

where c is the speed of light in the vacuum.
For a particular 1, .¢f, only one pair of values (L, and C,,) that satisfies (2) and (3) exists. In the
EOM, n,, .fs is tuned to match 71y, s by changing Ly, and Cy,.
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The specific capacitance C,, of the EOM TWE represents the sum of three components associated
with the capacitance of the external electrodes, internal electrodes, and PIN diode waveguide structure
(4) (see Figure 2). It is assumed in Equation (4) that PIN diode waveguide structures are connected in
series with respect to the input control signal.

C .
Cp = Cpuext + Cpuint + “2’"”, )

where C,, ¢yt is the specific capacitance of the external electrodes, C,, j; is the specific capacitance of the
internal electrodes, and C,, ;, is the specific capacitance of the optical PIN diode waveguide structure.

Figure 2. Schematic cross-section of EOM TWE: (1) external electrode; (2) internal electrode; (3) optical
waveguide; and (4) bias control electrode.

The value of C, i, is defined by the electrical fill factor of the internal electrodes, optical waveguide
width, and heterostructure design. The electrical fill factor FF accounts for the fact that only a portion
of the optical waveguide is covered by internal electrodes. The heterostructure design considered
in this work corresponds to the layer stack presented in Figure 3. It consists of contact n™ and p*
InP layers, MQW layers, and p-spacer and n-spacer InP layers. The MQW stack consists of InGaAsP
quantum well layers and InP barrier layers. The quantum well layer and barrier layer pair forms
one MQW period. Since all layers between the contact n" and p™ layers are undoped, the specific
capacitance C,, ;;, can be expressed as shown in (5).

Coin = FE[Cn™ + Cyip~! + Corow 2] 5
wpin — [dzN +Caip  + MQW ] ’ ()

where Cj;y is the specific capacitance of n-spacer, see (6); C4;p is the specific capacitance of p-spacer, see
(7); Cpmow is the specific capacitance of MQW, see (8); and FF is the electrical fill factor, see (10).
2
ﬂlnp€0W
din

/ (6)

Cain =

where np,p is the InP refractive index, g is the vacuum permittivity, W is the optical waveguide width,
and d;y is the n-spacer thickness.

n2 oW
Caip = —IHZ, , )
iP
where d;p is the p-spacer thickness.
n%AQW of fE()W
Cymow = ———————~— ®)
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where nyow o7 is the effective MQW refractive index, see (9); N is the quantity of MQW periods; dg is
the quantum well thickness; and dp is the barrier layer thickness.

dpnyup + dQNmGaasp
dg + dQ

/ ©)

NMQW ef f =

where ny,6,45p is the InGaAsP refractive index (depending on the molar composition in the quantum
well layer; see Section 2.2.2).
FF=L;/P, (10)

where L;, is the length of the internal electrodes (see Figure 1), and P is the period of the internal
electrodes (see Figure 1).
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Figure 3. Schematic cross-section of the PIN diode waveguide structure.

The specific capacitance of the PIN diode waveguide structure C,, ;;, introduced in this subsection
is an important parameter for the performance of the EOM. The value of C,, ;i is connected to the
electric field strength in the PIN diode waveguide structure. Under the conditions when all design
parameters and the control voltage are kept constant, a higher C,, ,;; corresponds to a higher electric
field. Hence, higher C,, ;, values allow using the non-linear optical properties of waveguide media
more intensely and provide higher EO conversion efficiency.

As can be seen from (4), a higher C, ,;; can be obtained only by a reduction in Cy, ¢xt, because Cy,
must stay constant and C, j, is very hard to reduce. A few methods have been offered to obtain low
Cy ext values [8].

The calculation algorithm, considered further in Section 3, is based on the primacy of the C, iy
value. This means that all of the parameters that are relevant to the EOM design (i.e., electrical fill
factor, heterostructure layer parameters, and waveguide width) are calculated in such a way that the
constancy of C, iy is provided.

2.2. Light Wave Propagation in the Optical Waveguide

In this subsection, we consider the main relationships associated with the physical effects that are
both exploited for light wave control and responsible for optical loss occurrence.

Since the media of propagation are not homogeneous, the effects mentioned above should be
calculated separately for each layer in the heterostructure stack. The optical fill factor concept is used
to perform such calculations.
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2.2.1. Waveguide Optical Fill Factor

Light propagates into the optical waveguide in several layers simultaneously. The intensity of the
light spreads unevenly in the waveguide cross-section, and in each layer, the power density is different.
In addition, each layer has its own optical properties (i.e., refractive index and absorption coefficient).
The effect of a particular layer j on light propagation is taken into account by calculating the optical fill
factor Iy, j. For an arbitrary layer, ['oy, j can be expressed as (11).

u]'+1 W
rOPt’j_L. du‘fo I (1) (v)do, (11)
]

where I () is the law of light intensity distribution in the waveguide along its height, see (12); and I>(v)
is the law of light intensity distribution in the waveguide along its width, see (15).

Zz
e WG eff (12)

where dyyc sy is the effective waveguide thickness, see (13) [13].
2

2 2
ko \/nMQWeffcos Om — i p

dwe eff = dmow + , (13)

where ky is the wave vector in the vacuum, and 6,, is the optical mode propagation angle.
The value of 8, is calculated based on condition (14) assuming m = 0.

2 2_ .2
Ko- sin(0y,)d pat \/”MQWeff'Cos(e”‘) ~Mp (1)
n ‘K SIN . — zatan = Tum.
MQWeffKo"S m) AMQW ”MQWeff‘Sin(em>

B(v) = foe W . (15)

The calculation of the optical fill factor is performed for all layers of the heterostructure stack,
including the n* and p™ contact layers. The values obtained for all of the layers are used to further
calculate the total refractive index change and the total optical loss for a given EOM arm length.

2.2.2. Refractive Index Control

The main mechanism providing the operation of the EOM is a change in the effective refractive
index of the composite waveguide media, which is induced by the alternating electric field strength.
The main aim of refractive index control is to change the light wave phase velocity and, finally,
the difference between the output and input light wave phases of the EOM arm. In this subsection,
we consider the relationships that describe how the intensity of light is controlled in the MZI EOM.

Several EO effects are exploited to obtain refractive index control in the EOM. The model of
refractive index change Anyg can be expressed as (16).

Anwg = Anp + Ang + Any + Anyg + Anyyy, (16)

where Anp is the change in the refractive index due to the linear EO effect (Pockels effect) [14], see (17);
Ang is the change in the refractive index due to the quadratic EO effect (Kerr effect) [15], see (18);
Any; is the change in the refractive index due to intraband absorption by free charge carriers [8,15];
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Anyg is the change in the refractive index due to band gap reduction [8,15]; and Any is the change in
the refractive index due to conduction and valence band filling [8,15].

Anp = %n%ﬂE, (17)

where 7 is the media refractive index, E is the electric field strength, and r4; is the tensor element
defined using the Adachi model depending on the band gap energy of the semiconductor material and
photon energy.

Ang = %n?’slez, (18)

where 7 is the media refractive index, E is the electric field strength, and sy, is the tensor element
depending on the band gap energy of the semiconductor material and photon energy.

The components associated with intraband absorption by free charge carriers Any,; and band gap
reduction Any, are sufficient for a high electron concentration (>5 x 10'® cm™3). Since the EOM optical
waveguide media are depleted of free charge carriers, An, and Any, are not taken into account in the
calculations. The component associated with conduction and valence band filling An, ¢ also takes a
small effect relative to Anp and Ang, because the condition of the close proximity of the photon and
band gap energies is not satisfied in the EOM.

The tensor elements r4; and sq; associated with the linear and quadratic electro-optic effects are
dependent on the band gap energy E,. For quantum well materials, In,Ga;_,AsxP1_y E¢ is found as a
function of the arsenic mole fraction x (19) [16]. Lattice matching of the In,Gaj -, AsyP1_,/InP system is
obtained by the selection of the indium mole fraction y in accordance with (20) [13].

Eo(x,T) = 1.35-0.72x + 0.12x* + (T - 300)(3.18 —0.41x + 0.61x2)1o—4, (19)

where T is the absolute temperature.

_16.17x—33.41

Y == a3 (20)

The difference between the output and input light wave phases Ag for a single section of the

internal electrodes is found from Anyyg using (21).

2mn-P-FF
Ap = =5 A, (21)

where A is the wavelength of light in vacuum.
The intensity of the light in the output I,,; of the EOM depends on A and intensities of the light
in the outputs of the EOM arms I and I;. The I,,; can be calculated using (22) [17].

Lout = I + I + 21 I+ cos(2Ap). (22)

This equation describes the result of light interference, which occurs at the point of conjunction
of the EOM arms. Function (22) is continuous, which provides either analog or digital optical
signal modulation.

2.2.3. Optical Loss

Propagation of the optical wave in the waveguide media is accompanied by attenuation of this
wave. Power loss of the optical signal occurs due to various mechanisms, both in the volume of
the material and on the surface of the waveguide structure. In the method proposed in this paper,
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we considered only losses associated with three mechanisms in the volume of an ideal semiconductor.
The total attenuation constant o, of arbitrary semiconductor materials can be expressed as (23).

Kiotal = Oip + XE + Xfg, (23)

where «y, is the attenuation associated with free charge carriers [18], see (24); «f is the attenuation
associated with the external electric field when the band gap energy is much more than the photon
energy [19], see (25); and « is the optical loss associated with the Franz-Keldysh effect [20], see (26).

Neg®Ns

=—0 (24)
20m2 o3
4 nim, (€7 1eg

Kip

where N, is the free charge carrier concentration, g is the electron charge, # is the media refractive
index, m,yy is the charge carrier effective mass, and y is the charge carrier mobility.

3
ME (B(Eg—Ep)2)

— 10— F , (25)
(Es~Ep)

where A and B are the electrical strength parameters for the TE and TM polarizations, E is the electric
field applied to the media, Ag is the wavelength of the light in the vacuum, E is the band gap energy,
and Ej, is the photon energy.

o =A

opp = %{”fhh(l + g_fh)el%[Ai,(wgéwp)r - xlAiz(wge_lwp)]Jr
2 -t

my, 2

(26)

where B is the constant that accounts for the material parameters, the matrix elements between the
periodic parts of the Bloch states at the band edges, and the fundamental constants; wy is the angular
frequency of the band gap; wy is the angular frequency of the optical radiation; ., and w,, are the
heavy and light electron effective masses in the direction of the electric field; my is the electron mass;
myy, and myy, are the heavy and light hole effective masses; 6; is the function of the reduced effective
mass of the electron and heavy or light holes and the electric field; and Ai and A7’ are the Airy function
and its derivative.

The model of total optical loss described in this subsection can be modified by introducing
additional models of loss mechanisms. For instance, models that take into account the technological
features of the manufacturing process (for example, waveguide wall roughness) can be included.

3. Target EOM Parameter Calculation Algorithm

In this section, we consider the target EOM parameters and their calculation algorithm. Although
the EOM can be characterized by more than ten parameters, we only considered the following four
parameters, which are of primary importance for the performance and cost of the device:

Active length of the EOM arm, defined as the total length of all internal sections l;;;

Minimal optical loss L,,;,, defined as the ratio of optical power in the output to the optical power
in the input in the open EOM state;

Maximal difference in the values of L,,;, in the optical operating wavelength range ALy;,,;

Extinction ratio ., defined as the ratio of the optical power in the output in the open EOM state to
the optical power in the output in the closed EOM state.

To calculate the values of the target parameters, we took a set of input data. The first group
of the input parameters represents the result of the preliminary calculations or measurements and
corresponds to the particular design of the TWE. These parameters ensure compliance with the
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conditions for matching the optical and electric waves and the value of the characteristic impedance of

the microwave transmission line. The second group comprises the variable parameters. It is assumed

that the values of these parameters are changed within the specified limits during the calculation.
The input parameter set consists of the following:

1.  Maximal frequency of EO conversion f3;p.,. This frequency is used as the reference requirement
for the calculation of the two TWE parameters that are used directly in the algorithm described
below. The first is the TWE internal electrode period P; the optimization of this parameter for a
40 GHz EO conversion frequency is given in [21]. The second is the maximal electrical signal loss
in the single TWE section [S»1];. As a rule, [Sp1]; corresponds to the maximal frequency of the
EO conversion. Choosing maximal loss provides a calculation of the target parameters for the
“worst” case. The value of |S»1]; can be obtained via simulation results or as a result of scattering
parameter measurements;

2. Part of the internal electrodes’ specific capacitance Cy, i, which is associated with the PIN diode
structure with respect to (2)-(4). The case when C|, i, has a maximal available value is preferable
for obtaining the maximal efficiency of the EO conversion. An example of TWE optimization
based on this principle is given in [22];

Arsenic mole fraction in the In,Ga;_yAs,P1-y quantum well layer (x);
Internal electrode fill factor (FF);
Optical waveguide width (W);

3

4

5

6.  InP barrier layer thickness (dp);

7 In,Gay-,AsyP1-, quantum well layer thickness (do);
8.  InP n-spacer thickness (d;n);

9. Quantity of periods in MQW (N);

10. Bias voltage (Ug);

11.  Control voltage amplitude (Uc yx)-

The calculation algorithm for each combination of input parameters consists of the steps listed
below. With the use of |Sp1]1, the value of the control voltage decay factor D, can be found according to
(27). The voltage decay factor D, is used to calculate the control voltage at all of the TWE sections,
knowing the voltage of the first section from the electrical input and taking into account the effect of
the attenuation of the electric control signal in the direction of wave propagation in the electrodes.

De = IS21ls.- (27)
Knowing D,, the control voltage in a particular TWE section Uc; can be calculated using (28).
Uc,; = De-Ugi-1. (28)

The electric field strength under the electrodes E; for each internal electrode section i is calculated
using (29).

U+ Uy + Uy i
= e b i , (29)
dpow +din +dip
where U, is the equivalent voltage embedded in the PIN junction.
The MQW thickness dpiow used in (29) is calculated using (30).
dMQW = N(dQ + dB). (30)

InP p-spacer thickness (d;p) is calculated from the other parameters to satisfy condition (5).
During the calculation, three values of U¢ in the first TWE section are considered: Uc; =0V,
when there is no control voltage applied, which corresponds to no control signal in the electrical
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input; and Uc1 = Uc jax/2 and Uy = —Uc juax /2 for the calculation of the maximal phase difference
between the EOM arm outputs in the MZI configuration. Dividing Uc j,,y by two takes into account
that the whole voltage U applied to the external electrodes is split in half between the two PIN diode
structures connected in a serial manner. Furthermore, the corresponding values of the electric field are
calculated: Eq; = E;(Uc1 = 0V), Epri = Ei(Ugy = %4%), and Epj = E;(Uc1 = —Unax/2).

The distribution of the electric field along the EOM arms founded in the previous step provides
the calculation of the total phase shift A of two optical signals at the point of waveguide coupling (31).
The minimal quantity of the internal electrode sections k is selected to satisfy the condition |A(p) > .

_ 2m-P-FF

Ag 0y

Z;{[Aﬂwc (En,i) — Anwg(EL,)] 'rMQW}/ 31)
where I'yow is the optical fill factor corresponding to the whole MQW stack, including all quantum
well and barrier layers.

The quantity of sections is calculated at the maximal wavelength. This condition guarantees the
phase shift |A(p( > n for the whole optical wavelength range, because at longer wavelengths, the EO
conversion efficiency is lower.

At this stage, the first target parameter I, is calculated using (32).

lyym = P-k. (32)
The calculation of the second target parameter L,,;, is performed using (33).
Liin = 101g[e™ (Aot t4m)], (33)

where Ay is the total loss in the active part of the optical waveguide, see (34); and Ay is the total loss
in the passive part of the optical waveguide, see (35).

At =Y e i(E)-PFF, (34)

where a,. ;(E;) is the attenuation constant in the waveguide covered by internal electrodes, see (36).
Apas = k-apasP-(1 ~ FF), (35)

where ay;s is the attenuation constant in the waveguide not covered by internal electrodes, see (37).
Aacti = Low-agw,i + Tp-api+Tpapi+ Tnayi, (36)

where T’ ow, I's, Fp, and I', are the optical fill factors for the quantum well layers, the barrier layers
and spacers, the pT InP layer, and the nt InP layer, respectively; and agw, ap, ap, and a; are the
attenuation constants for the InGaAsP layers, the undoped InP layers, the p™ InP layer, and the n" InP
layer, respectively.

Qpas = T'ow-agw + I'p-apg + I'y-ay. (37)

The I'yjow in (36) and (37) represents the sum of the optical fill factors of all of the InGaAsP
layers included in the MQW. Similarly, the I'p represents the sum of the optical fill factors of all of
the undoped InP layers in the heterostructure stack (i.e., MQW barrier layers, p-spacer, and n-spacer).
This assumption was made because layers made of the same materials have equal optical properties
and are influenced by the same electric field.

The value of the third target parameter AL,;, is obtained by calculation of L,;, for the
limits of the operating wavelength range (38), because the function Ly, (A) is represented by a
monotonic dependence.

ALpyin = |Lmin(}\min) — Liin O‘max) | (38)
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The value of the fourth target parameter r is calculated using (39):

T, T.
fo = Lyyino — 101g[7+ +- \/T+'T,] (39)

where L,y is the optical loss for U,y = 0; T4 = ¢~ (Aact (Uen=Unax/2)+Aps) g the portion of the
optical signal passed through the first EOM arm when a positive control voltage is applied;
and T_ = ¢~ (Aat(Uer=—Unax/2)+4ps) is the portion of the optical signal passed through the second
EOM arm when a negative control voltage is applied.

The part of Equation (39) after the “~” sign represents the minimal optical power in the output of
the EOM that can be obtained. This follows from (22) under the condition of Ap = 7.

4. EOM Optimization Example

In this section, we demonstrate how the described method can be used for 1530-1560 nm
EOM optimization.

4.1. Input Parameter Limits

In order to perform the calculations, the values or ranges of all of the input parameters introduced
in Section 3 should be stated. In this subsection, we indicate the values of the input parameters and
briefly substantiate the reasons for their selection.

The maximal frequency of the EO conversion f35,, was chosen to be 40 GHz. The values of
P =150 um [21], C, pin = 192 pF/m [22], and |S1|; = 0.923 were obtained for this particular TWE design
and the specified value of f3;p,,.

The arsenic mole fraction x varied from 0.73 to 0.77 in 0.01 steps. For x < 0.73, the control voltage
has a weak dependence on the refractive index, and the required phase shift is difficult to obtain. For x
> 0.77, the optical loss increases greatly due to exciton absorption and band-to-band transitions.

The electrical fill factor FF varied from 0.7 to 0.85 in 0.05 steps. The preliminary calculations
showed that FF < 0.7 is impractical due to the increase in the length and optical loss. For FF > (.85,
the waveguide PIN diode structure must have a lower specific capacitance value. This means that
the waveguide width W should be decreased or the value of the sum (dMQW +din+ dl‘p) should be
increased, which leads to an increase in the optical loss or a decrease in the EO conversion efficiency.

The optical waveguide width W varied from 1600 to 2000 nm in 100 nm steps. Lower values were
limited by technological constraints, while the upper value was limited to provide a relatively low
waveguide specific capacitance.

The barrier layer thickness dp varied from 6 to 10 nm in 2 nm steps. For dp < 6 nm, the resonant
tunneling effect (Wannier-Stark effect) takes place and leads to an increase in the optical loss [23].
An increase in dg by more than 10 nm leads to a decrease in the optical fill factor of the quantum well
layers and, hence, a decrease in the EO conversion efficiency.

The quantum well thickness dg varied from 14 to 22 nm in 2 nm steps. Values of dg < 12-14 nm
are impractical because they correspond to a low MQW optical fill factor and EO conversion efficiency.
Values of dg > 22 nm may lead to an increase in the mechanical stress in MQW and to defects in the
density in a semiconductor structure [24].

The quantity of the quantum wells N varied from 12 to 22 in steps of 2. Values of N < 14 correspond
to a low quantum well optical fill factor and a low EO conversion efficiency. The upper value of N was
limited to 20-25 due to the technological constraints. The available semiconductor wafer vendor cannot
guarantee surface conditions during the growth of such an InGaAsP/InP heterostructure composition.

The thickness of the n-spacer d;y was set to a constant value of 50 nm. Although this parameter
can be varied as well, the specified value was found to be optimal. Using lower values of d;y leads to
an increase in the optical signal loss in the n*-InP contact layer. Using higher values of d;y leads to
a decrease in the thickness of MQW or d;p. Both cases lead to the degradation of the EO conversion
efficiency or to an increase in the optical loss in the p-InP layer.
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The values of the bias voltage Up were chosen to be 2 and 3 V. PIN diodes incorporated in
waveguide structures perform at reverse bias. The preliminary calculations showed that such Up
values provide the most linear dependence Any(Ug), which is preferable for analog modulation.
A Up range from 2 to 3 V corresponds to both low optical loss and high EO conversion efficiency.

The control voltage Uc ;4 was limited to a value of 2 V. This provides the ability to use the radio
frequency driver with an output power not exceeding 20 mW in the EOM electrical input.

4.2. Calculation Results and Data Analysis

The target EOM parameters were calculated for each combination of the input parameters using
the algorithm described in Section 3. A computer program was developed to perform this task because,
in this case, we dealt with more than 13,000 combinations of input parameters.

The data obtained as a result of the calculation were preliminarily filtered using the limits for the
target parameters listed in Table 1. In this step, all of the combinations were filtered by only one target
parameter, so the results could include combinations that were outside of the limits corresponding
to the other target parameters. Thereby, four sets of combinations were created: one set for each
target parameter.

Table 1. Target parameter limits for the calculated data filtering.

Value

Ugp=2V Ug=3V

Target Parameter Limits

Larm upper limit, mm 2.25 1.95

Lyyin upper limit, dB 0.5 0.6

ALyi, upper limit, dB 0.2 0.54
re lower limit, dB 38 33

The data are presented graphically in Figures 4 and 5 for Up =2 V and Up = 3 V, respectively.
Each graph in Figures 4 and 5 represents a set of input parameter combinations forming a “cloud” that
satisfies a given value of a particular target parameter.

It can be seen from Figures 4 and 5 that it is impossible to find a combination of all of the six input
parameters that belongs to all four “clouds” at a given Up. However, some of the values of the input
parameters W, dg, dg, and N (as well as FF for Up = 3 V) may correspond to near-optimal values of all
of the target parameters simultaneously. This approach allows detecting the input parameters that are
the most critical for the EOM design: x and FF. The values of these input parameters should be chosen
separately to tune the performance of the EOM.

It should be noted that the “clouds” in Figures 4 and 5 depend on the limits used during the
preliminary data filtering. One may face the situation when more than two parameters are detected as
critical. In this case, it is recommended to lower the limits of the filtering so as to obtain only two or
three critical parameters.

A comparison of the results for Up =2 V and Up = 3 V shows that although the general picture
stays approximately the same, the variation in Up from 2 to 3 V has an influence on the absolute values
of the target parameters. Analysis of results with different Up values allows selecting the optimal bias
voltage at the stage of critical parameter selection. Since the critical parameters are known, optimization
of the EOM is performed as follows. Constant values of the input parameters W = 1.7 um, dg = 8 nm,
do =20 nm, and N = 18 located inside all four “clouds” simultaneously at a particular Up were chosen
(except in Figure 5b, where the value W = 1.7 pm was close to the “cloud” but did not belong to it).
In the next step, the dependences of the target parameters on x at different FF were plotted for Ug =2V
and Up = 3 V (see Figure 6).
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Figure 5. Sets of input parameter combinations at Up = 3V, satisfying the limits for: (a) extinction ratio
(re); (b) minimal optical loss (L;,); (c) active length of the EOM arm (Is/); (d) and maximal difference
of optical loss in the operating wavelength range (AL,,;;,).
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Figure 6. EOM target parameters versus arsenic mole fraction (x) and electrical fill factor (FF) at: (a)-bias
voltage Up =2 V; and (b) bias voltage Up =3 V.

The subsequent selection of Up, x, and FF was performed as follows. A comparison of Figure 6a,b
shows that a lower value of I;; can be obtained at Ug = 3 V, which corresponds to a higher EO
conversion efficiency. However, a higher electric field in the waveguide structure caused sufficient
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degradation of the other target parameters, especially the extinction ratio. Due to this fact, Up =2V
was chosen as the preferable value, and further analysis was performed for this bias voltage.

As can be seen from Figure 6a, a lower arsenic mole fraction x corresponds to better 7, and ALy,
values. However, the lowest x values (0.74 and 0.75) are not optimal due to the following reasons.
First, using low values of x corresponds to a greater area chip and a higher device cost, which are
associated with higher I, values. Second, higher I, values cause a higher optical loss, which includes
the calculated part (L,,i,), as well as technology-dependent optical loss associated mainly with the
waveguide wall roughness. This loss is proportional to the waveguide length and may exceed the
value of L,,;,. The highest value of x (0.77) is impractical because it corresponds to poor . and AL,;;,.
Finally, the values of x = 0.76 and FF = 0.85 were chosen in this EOM optimization example to obtain
the optimal balance of the target parameters.

The resulting EOM parameters are summarized in Table 2 and are given together with the
parameters implemented in some published devices.

Table 2. The target and design parameters of the EOM in comparison to published devices.

Parameter Unit Klein [8] Chen[12] Juodawlkis [25] This Work
Asmin nm 1535 n/d?! n/d 1530
Amax nm 1565 n/d! 1560 1560
deBeo GHz 45 45 l’l/d 40
Linin dB 0.6-0.7 n/d 2.1 0.54

ALy dB n/d n/d n/d 0.56
Te dB 24 n/d 20 32.8
Lorm mm 3 4 3 3.15
Up v 4 2.8 5 2
Uc max A% 2 2.6 1 2
P um <200 125 n/d 150
Cy pin pF/m n/d n/d n/d 192
[S21lq - n/d n/d n/d 0.923
FF - 0.8 0.5 n/d 0.85
x - 0.76 n/d 0.77 0.76
y - n/d n/d n/d 0.65
2% pm 2 n/d 3 1.7
dp nm 8 n/d 8 8
dg nm 12 n/d 12 20
N - n/d 20 30 18
din nm n/d n/d 50-100 50
dip nm n/d n/d 300 175
din+ dip+ dpow nm 700-800 900 950-1000 729

n/d, no data found. ! Designed for 1550 nm wavelength operation.

Analysis of Table 2 highlights some general findings related to the EOM design considered in
this work.

The arsenic mole fraction x = 0.76 seems to be optimal. In the work of [25], the authors used
x = 0.77. It can be supposed that the latter could be the reason for the higher value of L,,;, and lower
value of 7, in comparison with devices in which x = 0.76 is used. In addition, using of x = 0.77 and
high Up could allow obtaining a low value of Uc 4, = 1 V with the short EOM arm [25].

The electrical fill factor FF found in this work as optimal is close to the value implemented
in [8]. Comparing the product FF x W with the data reported in [8] with the same product obtained
in this work, we can make the conclusion that these products are close to each other (1.60 and
1.45 pum, respectively).

The parameters of the MQW optimized in this work are quite close to such parameters of published
devices. A barrier layer thickness dp of 8 nm was chosen as the optimal value for all devices in Table 2
(where data are presented). A quantum well layer thickness dg of 12 nm and a quantity of quantum
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well layers N in the range of 20-30 were used in the published devices. In this work, we found that it
was more optimal to use a higher dg together with a lower N if possible. It is notable that compared to
the work of [25], the same product N X dg was obtained in this work (360 nm). This corresponds to a
similar optimal I'yjow value found for both cases.

The thickness of the intrinsic region (d;y+ d;p+ dpow) obtained as a result of this optimization in
this work was close to the optimal value implemented in [12] and especially in [8].

The value of the bias voltage Up chosen in this work was lower than that for the published devices
listed in Table 2. We suppose that this mismatch was caused by the method of optimization used in
this work. During the optimization, we used AL, and 7, as target parameters. Since the value of the
total electric field applied to the PIN diode waveguide structure is critical for the specified parameters,
a lower Up value was preferred. It was shown that higher Up values may be optimal for the reduced
requirements for AL,;, and 7.

The data presented in Table 2 show that, with the use of the method of calculation presented
in this work, we obtained target parameter values and an optimized set of input parameters that
generally fit the values of the same parameters of similar devices published in [8,12,25].

5. Conclusions

In this work, a method for EOM optimization was proposed and verified. The calculation
algorithm is based on the TWE design primacy and is implemented in such a way that the target
parameter values are calculated for all sets of input parameter combinations.

Preliminary data filtering and the proposed multi-parameter data representation allow performing
convenient analysis of the calculated results and highlighting the input parameters that are the most
critical for the performance of the device.

During the EOM optimization using the presented method, we found that a combination of six
sufficient input parameters defined the EOM design and that the bias voltage Up also affected the
performance of the EOM. The sufficient input parameters were the thickness of the quantum well layer
dg, the thickness of the barrier layer dg, the arsenic mole fraction x, the quantity of quantum layers N,
the electrical fill factor of the TWE FF, and the optical waveguide width W. The presented method
allows detecting the parameters—herein, x and FF—that are critical for the performance of the EOM.
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