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Abstract.  An electro-optic Mach – Zehnder modulator based on the 
quantum-confinement Stark effect in layered multiple-quantum-well 
InAlGaAs structures on InP substrate is numerically simulated. 
The novelty of the modulator design is the use of a two-layer rib 
optical waveguides, which provide technologically efficient (loss of 
1.5 dB per element) coupling of the modulator with optical fibre. 
It is shown that, changing the electrode width and the distance 
between two waveguides in two Mach – Zehnder interferometer 
arms, one can match the impedance of the modulator with an exter-
nal 50-W load and the velocities of microwave and optical waves in 
the modulator. The results of the study can be used in integrated 
optics, optical communication, and radiophotonics devices. 
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1. Introduction 

Optical modulators are  the main  interface elements used  to 
convert  an  electric  signal  from an  electronic  circuit  into  an 
optical  signal  [1, 2].  They  are  highly  demanded  for  in  data 
transmission  and  processing  systems  of  fibre  optic  com
munication  lines between data  centres  in modern  computer 
systems. 

Among many  technological platforms used  to design 
ultrabroadband microwave  electrooptic  modulators,  the 
popular ones are those based on lithium niobate [3, 4] or 
electrooptic  polymers  [5, 6]  (including  hybrid  poly
mer – semiconductor  modulators);  modulators  in  silicon
oninsulator (SOI) structures [7, 8], which use freecarrier 
injection or depletion; and modulators based on the quan
tumconfinement  Stark  effect  in  layered  multiplequan
tumwell (QW) structures [9, 10], layerbylayer epitaxially 
grown  on  InP  substrates. As  compared with  electrooptic 
modulators on silicon, lithium niobate, and polymers, the 
modulators  based  on  quantumconfinement  Stark  effect 
can be driven by much  lower voltages. At  the  same  time, 

they  are  very  compact  and  provide  a  modulation  band
width  of  several  tens  of  gigahertz.  A  specific  feature  of 
such a modulator is that it can easily be integrated with a 
distributedfeedback  laser  diode  in  the  form  of  a  mono
lithic photonic integrated circuit for data generation, pro
cessing, and transmission. 

In this paper, we report the results of numerical simulation 
of a new version of an electrooptic modulator based on the 
quantumconfinement  Stark  effect  in  InAlGaAs  structures 
manufactured on an InP substrate. A specific feature of the 
proposed modulator design (Fig. 1)  is  that a superlattice of 
multiple  InAlGaAsbased QWs  is  located  above  a  relatively 
thick  buffer  In0.52Al0.48As  layer,  whose  refractive  index 
(3.1973) exceeds that of the adjacent InP substrate (3.1645). 
Therefore, the formation of a rib waveguide modulator struc
ture provides this design with properties of a double twolayer 
rib waveguide. The QWcontaining layer with a high refrac
tive  index  is  a waveguiding  layer,  in which  the  fundamental 
optical mode with a low cross section (convenient for electro
optic control) is formed. If the waveguide has a smaller width, 
the optical mode is “pushed out” from the main QWcontaining 
optical waveguide into the In0.52Al0.48As buffer layer, and an 
increase  in  the mode field cross section provides convenient 
coupling with an optical fibre. 

2. Simulation of optical waveguide with taking 
into account the quantum Stark effect 

The  optical  properties  of  QWbased  waveguides  are  deter
mined to a great extent by the quantum Stark effect, which 
leads to a strong dependence of the real and imaginary parts 
of refractive index on the electric field and optical wavelength. 
The driving electrodes, contacting with heavily doped regions 
(see Fig. 1), provide a strong electric field, directed normally 
to  the  QW  layer  boundaries.  We  performed  a  numerical 
analysis using the RSoft package [11] with the MultiPhysics 
Carrier Utility for calculating the refractive index perturba
tion  in a heterostructure modulated by an external electric 
field. The  first  step  in  the  calculation  is  to  find  the  electric 
potential distribution over the entire  layered structure, with 
the  doping  level  of  all  layers,  after  which  the  quantum
mechanical problem is solved, and the change in the real and 
imaginary  parts  of  the  refractive  index  is  determined  with 
allowance for the electric field effect on the excitons formed in 
the QW [12 – 16]. The calculations within the RSoft package 
show that the optical properties of these structures can be effi
ciently driven by an external electric field, which changes sig
nificantly the real and imaginary parts of the refractive index 
(Fig. 2). This change leads to strong decay of optical wave. 
However,  for  short  (~500 mm) QWbased modulator  struc
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tures, the total decay is sufficiently small to use them in prac
tice. 

To optimise the structures, we calculated the dependence of 
the effective refractive index (ERI) neff of the fundamental TE 
mode on the voltage applied across the electrodes in structures 
with InAlGaAs QWs of different thicknesses (Fig. 2). Knowing 
the dependences of the real and imaginary parts of neff on the 
modulation voltage, one can calculate the optical wave power 
transmitted  through  a  Mach – Zehnder  interfero meter.  The 
corresponding  dependences  for  Mach – Zehnder  modulators 
with  different  QW  thicknesses  are  presented  in  Fig.  3.  The 
modulator active part length Lm was taken to be 100 mm. The 
driving voltage was applied to one of the interferometer arms. 

The plots in Fig. 2 demonstrate that the 12nmthick QW 
is characterised by the least driving voltage efficiency and the 
least optical loss (22 dB cm–1) for the propagation of the fun
damental waveguide TE mode. At the same time, 16nmthick 
QWs  combine  a  high  driving  voltage  efficiency  and  a wide 
range of linear change in the refractive index in dependence of 
the  driving  voltage.  They  exhibit  a  significant  decay 
(30  dB  cm–1)  at  a wavelength of  1.55 mm, but nevertheless 
provide a phase difference of p for optical signals in different 
Mach – Zehnder modulator arms at a voltage of 1 V on the 

modulator active part length of 100 mm (Fig. 3). The 20nm
thick QWs have even a higher driving voltage efficiency and 
provide a phase difference of p for optical signals at a voltage of 
0.5 V and the same length of modulator active part. However, 
because of the strong decay (38 dB cm–1), it is rather difficult 
to  form passive elements of optical circuit with a minimum 
total loss. 

3. Simulation of the element for light transfer 
into the waveguide 

Let us consider in more detail the properties of optical wave
guides  based  on  multipleQW  InGaAlAs  heterostructures 
(see  Fig.  1).  Figure  4  shows  how  the  distribution  of  the 
funda mental  optical mode  field  depends  on  the width  of  a 
waveguide based on QWs formed by an In0.52Al0.09Ga0.38As/
In0.53Al0.3Ga0.17As  superlattice  on  an  InP  substrate  (the 
driving voltage  is zero).  It can be seen  that, with a gradual 
decrease  in  the waveguide width  from 1.5  to  0.7 mm,  the 
fundamental mode  field  is gradually pushed  into  the buffer 
layer of the twolayer rib waveguide. This mode has a large 
cross section (Figs 4b, 4c), a circumstance  that significantly 
facilitates coupling of  this waveguide with an optical  fibre 
(having a microlens in the end part) and makes this process 
more efficient. 

y/mm

3

2

1

0

–1

–2
–3 –2 –1 0 1 2 x/mm

z/mm

y/mm

1.3

1.2

1.1

1.0

0.9

0.8
–0.9 –0.6 –0.3 0 0.3 0.6 x/mm

Al Al

Al

Multiple
QW

InAlGaAs

p-InAlAs

n-InAlAs

n-InP

p-InGaAs

hw

HQW

HQW

hQW

1.444

3.643

2.543

z/mm

1.444

3.643

2.543

QW

a

b

Figure 1. Typical  transverse  distributions  of  the  refractive  index  in  a 
modulator with a superlattice of InGaAlAs QWs on an InP substrate: 
(a) over the entire structure (the maximum corresponds to InGaAs) and 
(b)  in  the  QW  region  (the  maximum  corresponds  to  the 
In0.52Al0.09Ga0.38As QW, where  the  refractive  index  is  higher  by  0.18 
due to the quantum Stark effect at zero field). Aluminium control elec
trodes are shown as bright rectangles. The waveguide has a waveguide
layer thickness HQW = 300 nm, it consists of 8 QWs, each of thickness 
hQW = 16 nm, formed by periodic layers In0.52Al0.09Ga0.38As (QW) and 
In0.53Al0.3Ga0.17As (buffer) on an InP substrate. 
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Figure 2. Dependences  of  the  (a)  real  (n ( )eff
r )  and  (b)  imaginary  (n ( )eff

i ) 
parts of the effective refractive index of the fundamental TE mode on 
the  voltage  applied  across  the  electrodes  for QWs  of  different  thick
nesses hQW. The waveguide  layer consists of 8 QWs; HQW = 300 nm, 
the operating wavelength is 1.55 mm. 
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A  possible  configuration  of  the  coupling  element  using 
properties of a twolayer optical waveguide is shown in Fig. 5. 
It is intended for coupling the end with an optical fibre having 
a microlens, which provides a  focal  spot  size of  3 mm.  It  is 
assumed that light is focused on the waveguide structure edge 
having an antireflection coating; therefore, Fresnel reflections 
were disregarded in the calculation. 

This  structure  has  a  specific  feature:  a  nonmonotonic 
change in optical waveguide properties with a change in the 
taper width. In particular, at thicknesses close to the operat

ing waveguide width (1.5 mm), a change in the taper width 
causes  a  significant  change  in  the  ERI  of  the  waveguide 
mode,  but  its  energy  is  concentrated  as  previously  in  the 
QW region, and a high waveguide loss occurs. With a fur
ther decrease  in  the waveguide width,  the ERI of  the mode 
changes  only  slightly,  but  the  mode  spatial  distribution 
undergoes a significant transformation (see Figs 4b, 4c) and 
the optical wave  is  characterised by  low propagation  loss. 
Therefore,  to provide  an  efficient  coupling, we  applied  an 
adiabatic taper with two different scales of variation in the 
width of  the  taper along  its  length  (see Fig. 5). We used a 
taper profile in the form of two Gaussian functions with half
widths  of  0.04LT  and  0.68LT  and  amplitude  coefficients  of 
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Figure 3. Dependences  of  the  transmittance  of  opticalwave  power 
through a Mach – Zehnder interferometer on the static electric voltage 
applied across the electrodes for QWs with thicknesses of (a) 12, (b) 16, 
and (c) 20 nm. The waveguide width is 1.5 mm, and the thickness of the 
waveguide layer containing 8 QWs is HQW = 300 nm. 
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0.7(w – wT)/2 and 0.3(w – wT)/2, respectively, for the slow and 
fast change in the taper width. Here, wT and w are, respectively, 
the waveguide widths at the input and output of the adiabatic 
taper of length LT. The use of an adiabatic taper with a shape 
described by this function made it possible to reduce approxi
mately by half  the optical  loss  in  the  coupling  element  and 
shorten it by a factor of 3. 

The principle of operation of the coupling element based 
on a double waveguide is illustrated in Figs 6 and 7. In particu
lar, we calculated the efficiency of the edgeface input element 
for  a  rib  waveguide  formed  by  an  In0.52Al0.09Ga0.38As/
In0.53Al0.3Ga0.17As superlattice on an InP substrate. Figure 
6  shows  the  power  loss  for  an  optical  wave  with  a  wave
length  l,  transmitted  from  the  fibre  output  through  the 
tapershaped region to the output of the waveguide rectan
gular section of length L. The data for L = 0 show that the 
endface  loss  introduced by the proposed element  is ~1.5 
dB. The calculations demonstrate a relatively high optical 

loss for the waveguides in multipleQW structures based on 
the Stark effect; therefore, the total modulator length should 
not exceed 1 mm in order to reduce the introduced loss below 
10 dB (~3 dB of which fall on the two coupling elements). 
Note that we disregard the additional optical loss due to the 
scattering by surface roughness in our calculations; this loss 
depends on the fabrication technology and generally equals 
~0.3 dB mm–1. 

The  technological  tolerances  for  fabrication  of  a  taper
shaped coupling element with a waveguide are illustrated in 
Fig.  7  by  the  dependence  of  coupling  efficiency  (the  wave 
power  transmittance  for a short waveguide with L = 1 mm) 
on the longitudinal fibre displacement at several tip widths. It 
can be seen that the coulpling efficiency per element remains 
relatively high (less than 2 dB per element) if the waveguide 
width is controlled with an error not larger than ±40 nm. The 
fibre  position  must  be  aligned  to  the  waveguide  boundary 
with an error of ~0.4 mm.

4. Simulation of a Mach – Zehnder interferometer 
with MMI beam splitters 1 ́  2 and 2 ́  2 

Researchers pay much interest to the optical modulator circuit 
in the form of a Mach – Zehnder interferometer with a beam 
splitter based on multimode interference (MMI). MMIbased 
devices  were  chosen  for  analysis  as  the most  compact  and 
technologically efficient. Here,  use is made of a design with a 
beam splitter 1 ́  2 at the modulator input and a beam splitter 
2 ́  2 at the modulator output (Fig. 8). In contrast to the stan
dard case of two identical MMI beam splitters 1 ́  2, this MMI 
combination has an interesting feature: due to builtin phase 
shift of p/2 for the combination of MMI beam splitters 1 ́  2 
and 2 ́  2, the signal amplitude is identical at the two modula
tor  outputs.  Thus,  the  device  is  positioned  at  the  working 
point,  which  does  not  need  any  additional  shift  in  a  wide 
range of optical wavelengths. The device is little sensitive to 
variations in external conditions (for example, temperature). In 
addition,  there  is  a  possibility  of  receiving  and  processing 
simultaneously  two  signals  from  two  interferometer  arms, 
and these signals have a much lower noise level in comparison 
with the standard geometry (1 ́  2 and 2 ́  1). 
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The results of 3D BPM numerical  simulation show that 
the Mach – Zehnder interferometer with 1 ́  2 and 2 ́  2 beam 
splitters is relatively stable against fabrication errors and has 
low  introduced  loss  (less  than 0.6 dB)  in  the  entire  spectral 
range used for telecommunication systems (Fig. 9). For better 
visualisation, the results presented in Figs 8 and 9 correspond 
to the case where optical  loss was disregarded. To calculate 
the total modulator loss, it is necessary to add the scattering 
loss at optical wave propagation (~0.3 dB mm–1) and the loss 
in the modulator coupling with optical fibre (see Fig. 6). With 
allowance for all these factors, the total introduced loss of the 
proposed modulator  should be  less  than 10 dB  (9 dB  for a 
1mmlong device at a wavelength of 1.55 mm, which is a sum 
of 2 ́  1.5 dB (loss in the coupling with optical fibre), 0.6 dB 
(internal loss of Mach – Zehnder interferometer), 5 dB (addi
tional propagation loss due to the quantumconfinement Stark 
effect), and 0.3 dB (waveguide loss because of the scattering 
from surface roughness). 

5. Simulation of the microwave properties  
of the modulator 

The microwave properties of modulators based on the quan
tumconfinement Stark effect were simulated using the CST 
Microwave  Studio  Suite  commercial  software  [17].  A  pre
liminary  simulation  revealed  that,  at  any  reasonable  sizes 
of  InPbased  modulator  structure,  one  cannot  match  the 
modulator impedance with the 50W external microwave cir
cuit (this matching is necessary for minimising the reflection 
of microwaves and increasing the modulation efficiency). For 
this reason, we considered the push – pull circuit for micro
wave driving of modulator (Fig. 10), in which two modulator 
arms are connected in series (but operate in antiphase, in the 
push – pull  mode).  In  this  structure,  electric  current  flows 
from one driving electrode to the other electrode connected in 
series  through  the  waveguides  located  on  an  InP  substrate 
with a high conductivity. Under these conditions, the imped
ances of the microwave channels of each waveguide arm are 
summed, thus facilitating matching of the impedance of entire 
coplanar  line  with  the  50W  external  microwave  circuit.  In 
addition, the electric field modulates in antiphase each arm of 
the  optical  Mach – Zehnder  inter fero meter,  which  makes  it 
possible to reduce by half the driving voltage at which a phase 
difference of p is obtained for optical signals in different inter
ferometer arms. 

When  simulating  the  structure,  the  sizes  of  modulator 
electrodes  were  varied  to  implement  practically  complete 
matching with the 50W external microwave circuit at a fre
quency of 40 GHz and decrease the propagation loss of  quasi
ТЕМmicrowave mode in the coplanar waveguide structure. 
The  distance Lw  between  the  centres  of  two  optical  wave
guides  forming  the  Mach – Zehnder  modulator  arms  was 
taken  to be  8 mm. The width W  of  the  electrodes  to which 
a modulating  electric  signal  is  applied was  8 mm  (Fig.  10). 
In this electrode geometry, the impedance of coplanar line is 
close to 50 W at a frequency of 40 GHz, due to which it can be 
matched with the 50W external microwave circuit. 

Changing the distance L1 between the optical waveguides 
and the electrode width W, one can slightly vary the microwave 
decay,  the microwave  effective  permittivity  of  free  space  (or 
effective  refractive  index),  and  the  coplanar  line  impedance, 
which makes  it possible  to reduce  the mismatch between  the 
microwave and optical wave velocities  in  the waveguide and 
match the microwave channel with the 50W external load. 

The  simulation  included  also  calculation  of  the  micro
wave  electric  field  distribution  in  the  transverse modulator 
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Figure 8. (Colour  online)  Mach – Zehnder  interferometer  with  MMI 
beam splitters 1 ́  2 and 2 ́  2: (a) power distribution pattern for the left 
(P1) and right (P2) interferometer arms and (b) the wave field evolution 
during  the wave propagation over  the  interferometer. Calculation by 
the 3D BPM method. 
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structure. Almost all the intensity of the vertical component 
of electric field is concentrated directly in the QW region of the 
optical waveguide, as a result of which conditions for efficient 
modulation of the refractive index in the QWs based on the 
quantumconfined  Stark  effect  are  provided.  The  horizontal 
component of electric field (along the QW boundary), being 
concentrated mainly in the gap between the waveguides, does 
not affect the modulator characteristics. 

The numerical simulation showed that the proposed struc
ture can be used to design microwave modulators based on 
the quantumconfined Stark effect on indium phosphide sub
strates. In particular, for the structure shown in Fig. 10, at a 
microwave  frequency  of  40  GHz,  the  line  impedance  is 
approximately 50 W, and the microwave loss is 3.8 dB at the 
modulator  active  part  length  Lm  =  1  mm  and  a  distance 
between the waveguide centres of 8 mm. Loss can be reduced 
to 2.8 dB by decreasing this distance to 4 mm; however, the 
wave impedance will decrease to 48 W in this case. A favour
able  factor  is  that  the  microwave  effective  refractive  index 
(3.5) becomes close to the effective index of the fundamental 
optical mode (see Fig. 2a). This circumstance is very important 
for providing a wide modulation band [18], because one can 
match more exactly the microwave and optical wave velocities 
in the modulator. 

6. Conclusions

We  performed  a  numerical  analysis  of  the  electrooptic 
modulator  with  QWs  based  on  In0.52Al0.09Ga0.38As/
In0.53Al0.3Ga0.17As  superlattice  on  an  InP  substrate.  These 
structures provide a highly efficient electrooptic control and 
form a double rib waveguide with unique optical properties. 
In  particular,  applying  a  smooth  adiabatic  change  in  the 
waveguide width, one can change several times the transverse 
size of the fundamental mode and thus provide a simpler and 
more  efficient  coupling  between  the waveguide  and  optical 
fibre. For example, for the minimum width of tapershaped 
element, 0.8 mm, the coupling loss is 1.5 dB per element, which 
is an acceptable value for practical use in modulators based 
on the Stark effect. The optical and microwave properties of 
electrooptic modulator were described. The proposed modu
lator design with a total length less than 1 mm was shown to 
have  total  expected  introduced  loss  (from  fibre  to  fibre)  of 
~10 dB in the telecommunication wavelength range. 
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