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Abstract: We analyze energy per bit in optical modulators including capacitive and photocurrent 
dissipations and predict particularly low energy for low-voltage electroabsorption modulators 

Optical modulators can offer low energy per bit in optical interconnections [1] because, in contrast to 
light emitters, they have no threshold that could limit minimum operating energy and they may be easier to 
integrate monolithically with silicon. Recent devices based, for example, on high-Q silicon ring or disk 
structures [2,3] or on electroabsorption in bulk Ge [4,5] or Ge quantum wells [6] show promise for 
operation with 10’s of fJ/bit or less. Our calculations here show even sub-fJ dynamic dissipation in one 
recent Ge quantum well device [6].  

There are several different mechanisms that contribute to energy dissipation in modulators and that we 
should consider in comparing approaches and devices. One mechanism common to essentially all such 
modulators is the dynamic energy associated with charging and discharging the device capacitance. Silicon 
resonator modulators can have energies that in practice are dominated instead by the energy for thermal 
tuning of the resonance. Electroabsorption modulators may avoid such tuning energy but have additional 
dissipation from the flow of photocurrent. Here we analyze the dissipation mechanisms for optical 
modulators operated in depletion, including both the dynamic and photocurrent dissipations. Though 
photocurrent dissipation can dominate in electroabsorption devices, we argue that particularly low total 
energies may be possible in electroabsorption devices operated at low reverse or slightly forward bias, even 
conceivably with smaller energy per bit than an ideal loss-less modulator.  

We can formally analyze the energy by 
considering a modulator in a bias and drive circuit 
such as Fig. 1. Our first conclusion is that the 
dynamic energy per bit is 2(1 / 4) DDCV , in 
agreement with the approaches of other authors 
[3,5]. This result remains true even in the presence 
of static bias BV , though it is important that the bias 
supply is reversible – it has to be possible to return 
energy efficiently to the bias supply; such 
reversibility is, however, easily achieved through 
the use of a bypass capacitor, BPC . 

The flow of photocurrent over bias voltages can, 
however, result in non-reversible dissipation. Such 
dissipation depends on the optical power being 
modulated. We can usefully define an optical energy launch efficiency  , which is the ratio of the useful 
energy per bit launched into the optical channel divided by the total of the optical input energy plus any 
electrical energy associated with photocurrent. 
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With  V as the fractional optical (power or energy) absorbed by the modulator (or the fraction not 
transmitted in a refractive modulator such as a silicon ring or disk) as a function of total voltage V over the 
modulator, then we have defined  hi DD BV V    and  lo BV  . We have also defined “photocurrent 
dissipation multipliers” ( ) / ( / )hi DD BV V e     and / ( / )lo BV e   , dimensionless numbers that 
correspond to the respective “high” and “low” total voltages across the diode, expressed in voltage units of 

/ e  (i.e., equal to the photon energy in electron-Volts). For the case of non-absorbing silicon 
modulators, these photocurrent dissipation multipliers become zero. Using this analysis, we can compare 
various recent modulator devices or proposals, as shown in Table 1. Here we also show an “energy 

 
Fig. 1. Example modulator bias and drive circuit. 



  

magnification factor”  1 /  . Note even refractive modulators require more total energy into the modulator 
than is delivered as useful energy per bit into the channel because the modulators have finite contrast ratio. 
Even an ideal loss-less modulator would have 1/ 2   because the optical input energy would only be 
transmitted into the optical channel half the time. 

The comparisons in Table 1 illustrate first that electroabsorptive modulators can have very low dynamic 
dissipation, with the Ge quantum well modulator of Ref. [6] showing 0.75fJ/bit, despite the absence of any 
high-Q resonator. Note also that tuning power is not included for the Si disk modulator energy calculations.  

Table 1 
 

Modulator type C Drive 
VDD 

Mod. 
Depth 

Bias 
VB 

1 2
4 DDCV  Launch 

Eff. 
Energy 

Mag. 1/
Si disk [3] 12fF 1V 3.2dB – 3fJ 20–26% 3.8–4.9 

GeSi FKE [4] 11fF 3V 8dB 4V 25fJ 4% 25 

Ge FKE [5] 25fF 4V 7.5dB 0V 100fJ 6.3% 16 

Ge QCSE [6] 3fF 1V 3dB 4V 0.75fJ 5.6% 18 

Proposed Ge 
QCSE design [7] 

24fF 1V 5dB 0V 6fJ 17% 6 

Electroabsorptive devices do show a substantial penalty because of power dissipation from 
photocurrent, requiring substantially more total input energy than the useful energy delivered into the 
optical channel. Significant photocurrent energy dissipation arises from the use of large reverse bias in the 
device. It is, however, possible to consider electroabsorptive devices with low total bias, as in the proposed 
design of Ref. [7] that runs with no more than ~1 V reverse bias. Low bias devices are possible if the 
intrinsic (“i”) region in the device p-i-n diode structure is chosen to be thin. 

A particularly interesting possibility is to make the intrinsic region so thin (e.g., ~ 100 nm) that the 
built-in field in the device is enough to cause the electroabsorptive shifts in the device even at zero bias. 
Those shifts could then be turned off by running the device towards small forward bias. In such a case there 
is no excess power dissipation from photocurrent in the zero bias state, and in the small forward bias state, 
any photocurrent actual generates photovoltaic energy that can be returned to the power supply; this mode 
could even in principle be more efficient than an “ideal” lossless optical modulator because of the 
photovoltaic generation.  
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