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Abstract 

This report summarizes work on the development of ultra-high-speed 
semiconductor optical and electronic devices. High-speed operation is 
achieved by velocity matching the input stimulus to the output signal along the 
device's length. Electronic devices such as field-effect transistors (FETs), 
should experience significant speed increases by velocity matching the 
electrical input and output signals along the device. Likewise, optical devices, 
which are typically large, can obtain significant bandwidths by velocity matching 
the light being generated, detected or modulated with the electrical signal on 
the device's electrodes. The devices discussed in this report utilize truly 
distributed electrical design based on slow-wave propagation to achieve 
velocity matching. 
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1. Introduction 

The demand for faster electronic and optoelectronic devices does not 
appear to be abating. This demand is fueled in part, by the desire for faster data 
exchange whether digital or analog for which a significant practical limit has not 
yet been achieved. Presently, device speeds extending into the millimeter wave 
regime (30 GHz < f < 300 GHz) are not uncommon, though they are difficult to 
produce with present technologies. Additionally, in the foreseeable future, a real 
need for devices with operating speeds in excess of 100 GHz is expected. It is 
the purpose of this work to explore a possible solution for meeting this future 
need. 

To date, most high speed devices have been produced by incremental 
engineering (i.e. size scaling) of low frequency designs. This approach will be 
ineffective as the operating wavelength becomes small compared to the 
minimum device size. This limit can be understood by comparing the 
wavelength in a semiconductor to typical device sizes. The electromagnetic 
wavelength within a semiconductor media is 

where c is the speed of light, f is the operating frequency, and Ef is the 
semiconductor's dielectric constant. Using ( l ) ,  Table 1 shows the length of a 
half wavelength in GaAs (E,= 13) at various frequencies. The half-wavelength 
length scale is important as it represents a complete n: phase shift often 
resulting in total destructive interference within the device. 

Frequency, f (GHz) Half Wavelength, W2 (pm) 
10 GHz 4200 pm 
100 GHz 420 pm 
1 THz 42 pm 

Table 1. Half wavelengths at various frequencies in 
GaAs. 

In practice, device designs need to be much more conservative with h/8 being a 
common limit. Either way, the size of power FETs and optoelectronic devices 
are commonly thousands of micrometers in order to achieve the required power 
or efficiency levels resulting in devices many wavelengths in size. 
Consequently, understanding distributed effects and velocity matching is critical 
in the design of high-performance high-speed devices. 

This report summarizes the results of a Laboratory Directed Research 
and Development (LDRD) project performed at Sandia National Laboratories 
(case #3512.040). The project summarized in this report was made up of two 
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main efforts: high-speed high-efficiency optical phase modulators and 
distributed FETs. The first section of this report will demonstrate the general 
effect of velocity mismatch and discuss the basic operation of slow-wave 
transmission lines that are used as the basis to obtain the necessary velocity 
match in this work. Then brief sections on the project's phase modulator effort 
and distributed FET efforts will be presented. 
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II. Background 

Velocity Matching 

To appreciate the need for velocity matching, it is informative to look at a 
simple example in some detail. Assume two traveling waves A and B exist 
within a hypothetical device with intrinsic propagation constants E and yB, 
respectively. Furthermore, assume the input to the device is represented by 
wave A, of the form 

and the output from the device is wave B. Only forward propagating waves as 
described by (2) will be assumed to exist within the device. These waves may 
represent voltages, currents, or some field quantity. 

For a lumped device, the output would simply be the product of a coupling 
factor per unit length 5 ,  length I, and input signal: 

(3) 5 Bf (1) = -1 A 
2 

where the factor of 1/2 is necessary to be consistent with the forward 
propagating wave assumption. The physical meaning of 5 is device dependent. 
For distributed FETs, 5 is the transconductance per unit length. For an optical 
phase modulator, 6 is the figure of merit (FOM). 

For a distributed device, the signal at the device's output is found by 
integrating the contribution to the output wave generated at each point 
multiplied by the appropriate propagation factor over the device's length: 

For purposes of this discussion, we now assume propagation along the device 
to be lossless making yB = j n, Po and yA = j n, Po where Po is the free space 
propagation constant (dc) and n are the RF indexes. This assumption applied 
to (4) along with normalization to the lumped result (3), gives a device 
response, R,, of 

- 1 B(1) 1 - lejhpO' - 11 
R n -  m- j b P o l  

where An is the difference between the two wave propagation indices (n,-n,). 
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A surface plot of Eq. (5) is shown in Fig. 1. In this plot the normalized 
response is shown as a function of normalized length (length/&) and index 
difference (An). This plot clearly shows the penalty of velocity mismatch in 
distributed device operation. When the length of the device is a fraction of a 
wavelength as in conventional low-frequency electronic components, a velocity 
match is not important as seen on the left side of the plot. Conversely, if the 
device is several wavelengths in length, velocity matching (An=O) is critical as 
seen on the right side of the plot. Since velocity mismatch of FETs is typically 
much higher than the lAnl=2 limit of this plot, it is easy to appreciate the W8 
guideline commonly used for FET design as discussed in the introduction. 
Clearly a velocity match is critical for large high-frequency devices. 

It is important to realize that we have assumed no frequency dependence 
with the lumped device’s response (3). This results, as shown in Fig. 1, with the 
distributed device’s response always being less than that of the lumped device. 
In reality, the lumped device will suffer a roll off in response that is more rapid 
than that exhibited by a transmission line. This results in a normalized response 
that would appear in Fig. 1 as a proportional increase towards the right side of 
the plot. This may appear as a contradiction since the distributed device is 
made from the lumped device; however, parasitics of the lumped device are 
“absorbed” within the distributed device allowing for a significant increase in 
bandwidth. 

Fig. 1. Surface plot of normalized response of a 
distributed device as a function normalized length and 
RF index difference. 
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Slow-wave Transmission Lines 

To achieve the necessary velocity match discussed in the previous 
section, slow-wave transmission lines are used. Slow wave propagation is 
readily achieved in transmission lines laid over semiconductor devices 
composed of heavily-doped layers. In fact, any transmission line laid in close 
proximity to a somewhat conductive layer will exhibit slow-wave propagation 
effects. As an example of this type of transmission line, slow-wave coplanar 
waveguides have been extensively studied.[l],[2] Such transmission lines 
require "full-wave" analysis for rigorous modeling.[3] Fortunately for our 
purposes, quasi-TEM analysis [4] satisfactorily describes these types of lines. 

The line's impedance per unit length, Z, and admittance per unit length, V, 
as shown in the equivalent circuit in Fig. 2, were determined by using a quasi- 
static finite element simulator from Ansoft.[Ei] A representative set of contour 
plots from this simulator is shown in Fig. 3 (see Appendix B for device details). 
The shunt admittance is found from a 2-D quasi-static electric field calculation in 
which the semiconductor layers are assigned a complex permittivity to account 
for conduction . The device's electrodes are assumed perfect conductors which 
provides simple boundary conditions for the solution of Laplace's equation. The 
resulting contour plot of the electrostatic potential is shown in Figure 3a. The 
capacitance per unit length, C, and the shunt admittance per unit length, G, can 
then be readily determined by integration over the field solution. The series 
impedance is similarly found by solving the quasi-magnetostatic problem where 
a longitudinal current is allowed to flow in all conductive layers. This results in a 
series inductance per unit tength, L, and a resistance per unit length, R, which 
accounts for metal loss and power loss caused by the induced current in the 
semiconductor layers. 

The plots shown in Fig. 3 illustrate the basic nature of slow-wave 
transmission lines. The highly conductive semiconductor layers beneath the 
electrodes effectively shields electric field penetration into the device's 
substrate. Therefore, the electrical energy storage (=C) along the line is similar 
to a conventional shield coplanar waveguide. On-the-other-hand, the magnetic 
field can readily penetrate through the conductive semiconductor layers. This 
occurs since the skin depth in the semiconductor is typically much thicker than 
the epi-grown semiconductor layers even at the highest possible doping levels 
and at hundreds of GHz operating frequencies. This penetration of the magnetic 
field within the device's substrate greatly increase the magnetic energy storage 
along the transmission line. This increased energy storage along the line 
necessarily means a slow propagation velocity along the line. This situation is 
made apparent by considering the energy density and propagation speed 
contributions to power flow. High energy densities must correspond to relatively 
slower propagation at a fixed power flow. 
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I 
I A 

L 

- 
Fig. 2. Quasi-TEM equivalent circuit of a slow-wave 
transmission line. 

With these equivalent circuit elements known, the transmission line's 
impedance Zand admittance Y per unit length can be determined by 

and 
Y = G +  j w C  

The complex propagation constant, 'y; and the complex characteristic 
impedance, ZoJ can then be found: 

Z = R + j o L  (7) 

(8) 

and 

The velocity of propagation of slow-wave transmission lines can be adjusted 
by changing design dimensions. For instance, simple changes in the insulating 
layer of an appropriately designed transmission line can result in a variation of 
the velocity of propagation over a few orders of magnitude. The characteristic 
impedance of these lines is also readily adjustable independent of the 
propagation characteristics. This is due to designers having the ability to 
independently select L and C. 
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(a) Contours of constant electrostatic potential. From the 
admittance calculation of a transmission line. 

(b) Contours of constant longitudinal magnetic vector 
potential. From the impedance calculation of a transmission 
line. 

Fig. 3. Quasi-static field plots to determine electrical 
propagation. 
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Ill. Distributed Optical Phase Modulators 

Optical phase modulators are a critical component in the fabrication of 
optoelectronic circuits. The paper reprint in Appendix B outlines a hypothetical 
optoelectronic circuit with emphasis on modulator performance. This paper 
demonstrates the need for high modulation efficiency and wide electrical 
bandwidth modulators. The high modulation efficiency required can be satisfied 
using a Depletion Edge Translation (DET) optical phase modulators. These 
modulators are based on the appropriate combination of both electro-optic and 
carrier effects to provide a maximum phase shift.[6]. Additionally, the modulated 
light is confined close to the junction's center providing a maximum field overlap 
and heavy doping levels provide a high electric field within the junction. These 
design techniques result in very high modulation efficiency, but they also cause 
a large terminal capacitance. If conventional lumped designs are used, this 
capacitance greatly limits device speed. By using the distributed techniques 
discussed in the previous section, we have been able to overcome this 
limitation and produce modulators simultaneously exhibiting very high 
modulation efficiencies and large electrical bandwidths. 

Distributed optical phase modulators have been demonstrated with a very 
high, GOo/V.mm, modulation efficiency and a 10 GHz bandwidth. Additionally, 
these modulators are easily integrated, since passive waveguides and phase 
modulators can be readily fabricated on the same substrate. Details on these 
modulators are given in Appendix A and B. 

8 



IV. Distributed Field-Effect Transistors 

Introduction 

The benefits of distributed electronic device operation has been understood 
and utilized for decades.[7] Though many traveling-wave solid-state devices 
based in exact analogy to the traveling-wave tube have been proposed[8] and 
even demonstrated[9], the traveling-wave or Distributed Field-Effect Transistor 
(DFET) have never been successfully implemented in a practical form. The 
DFET was first proposed by G. W. Mclver in 1965.[10] Almost 20 years later, the 
first detailed theory of the DFET was developed by Podgorski and Wei in 
1982.[11] The first notable realization of the DFET was in 1985 by Holden et 
al[l2] which demonstrated feasibility, but lacked practical performance. 

A rigorous full-wave treatment of the DFET appeared in 1987 by Heinrich 
and Hartnagel.[l3] At this point it became evident that propagation losses along 
the typically very small gate of a FET were prohibitively large and minimization 
of this propagation loss is the goal of distributed operation. As a result, a 
distributed FET with reduced gate loss by low-loss power distribution was 
realized [14] and the fabrication of large T-gate structures was attempted [15]. 
The objective of this project is the development of a suitable low-loss FET 
electrode structure amenable to true traveling-wave operation. 

The structure we pursued is shown schematically in Fig. 4. Gate area is 
maximized in-order-to minimize propagation loss. FETs with T-gate widths 
S=4.5 pm and 10.5 pm, both with 1 pm electrical gate length were fabricated. 
Additionally, drain and source widths W = 10.5, 35.5 and 120.5 pm were 
explored for a total of 6 different device types. The naming convention used 
throughout this report is DFET SxW. All data presented in this report is from the 
device set with 8 pm gate-T width and 120 pm source/drain width (DFET 
8x1 20). 

Source Gate Drain 

tal 

Fig. 4. T-gate DFET device. 

Theory of Operation 

The analysis presented here follows the coupled active line theory 
presented in 1161, but it is extended to properly include magnetic coupling terms. 

9 



n Drain Electrode 
1 / +  

* * 
zz 1 
0 

Fig. 5. Schematic of coupled three line DFET Model. 

The Ansoft’s Maxwell 2-D simulator allows for the calculation of 
equivalent parameters for multiconductor transmission lines. The simulation 
provides four matrix lumped element results at a given frequency - L, R, C ,  and 
G, representing the self- and mutua?-inductances; losses due to series 
resistance; and the capacitance and conductance between lines; respectively. 
These parameters enter in to the multiconductor telegrapher’s equations as: 

and 

in which: 

Z = R + j w L  (1 3) 

Y = G + j o C .  (14) 
and 

The Z and Y matrix are diagonally symmetric for passive multiconductor 
transmission lines, indicating that the mutual effects between any two signal 
lines are identical. However, when the coupling between the lines is made 
active, this symmetry does not exist. In the case of a DFET, to first order, the 
active element in the equivalent circuit model is a current source from the drain 
to source electrode controlled by the electric potential from the gate to source 
(l,,=g, VJ. Assuming the voltage and current vectors along the FET are 
defined as: 

the 2 and Y matrices for the DFET become: 
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and 

where g, is the transconductance. 

Combining (11) and (12) gives: 

a’? - 
-=Z.Y v .  
dz ’ 

Assuming a traveling-wave solution of the form V= Voev, the following dispersion 
relation is obtained: 

Solving this relationship for y gives 

in which 

B = y d z d  + (8, + Y m ) z m  + Y g z g  (21 1 
and 

This solution indicates that 4 modes exist along the device. Defining as the 
propagation constant associated with the positive sign under the radical and y2 
as the negative, the general solution along the device is 

‘ = ( Y m ( g m  + Y m ) - Y g Y d ) ( z :  - z d z g )  ’ (22) 

V,  = A,, e-y1z + B, e71z + C,, e-yzz + D,, eyzz , (23) 
where n represents the two electrodes (d  and g). Substituting Eq. (23) into (1 8) 
gives the following relationships: 

(24) 

(25) 

d=d- A B Y ~ - Y g Z g - ( Y m + g m ) Z m  - ( Y m + g m ) Z d + Y g Z m  

4 Bg Y m z g  + y d z m  YI2 - Y d z d  - y m z m  ’ 
- 

C d  D d  “22 - Y g Z g  - ( Y m  + g m )  Zm - ( Y m  + g m ) z d  + Y g z m  - _--- - - 
CP D g  Ym!g + y d z m  Y22 - Ydzd - Y m z m  

Therefore, Eq (23) actually contains only 4 unknowns determined by the device 
boundary conditions (terminations) allowing for a unique solution of the 
device’s small-signal parameters. 
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The DFET, as described to this point, is a four-port device. This number of 
ports may be useful aspect of a DFET, but present applications generally 
require only two-ports. We will assume that the input port is taken to be one end 
of the gate electrode and the output to be the drain electrode at the opposite 
end of the device. The two remaining ports are terminated in Zg and Zs 
Analytically, 

and 

The two-port S-parameters are desired. Since the formulation to this 
point use voltages and currents, it is easy to first determine the DFET's Y- 
parameters and then convert to S-parameters. From the definition of Y- 
parameters, we need to solve the following: 

and 

where the device length is 1. The two sets of four boundary conditions specified 
in (26) and (27) along with equations ( l l ) ,  and (23)-(25) allow for the 
determination of the unknown coefficients in Eq. (23). Then, 

S=( l+  Y)-'(l- Y) 
where 1 is the identity matrix. 

The R,L,G, and C matrices were found using a quasi-static 2-D simulator 
from Ansoft as discussed earlier in this report. The simulator allows for multiple 
conductors and directly gives the required matrix elements shown in Table 2 for 
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a 8x120 DFET assumed biased in a passive configuration. Fig. 6 shows contour 
plots from the electro- and magneto- static simulations. 

i. 
(a) Contours of longitudinal magnetic vector potential. Used 
in determining the impedance matrix of the DFET. 

i. Lmm 

(b) Contours of constant electrostatic potential. Used in 
determining the admittance matrix of the DFET. 

Fig. 6. Field plots from electromagnetic simulations of 
the DFET. 

Since the matrices (13) and (14) were calculated with disregard for the 
device's active properties, one should expect large errors. In particular, it has 
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been found that g, is best set to l/Rds since Rd, is a strong function of active 
device properties. Simulation results using this approximation are presented 
along with the experimental results below. 

Drain 
Drain 428.7 
Gate 7.36 3944.9 

(a) Series resistance matrix, R, (Inlm). 

Drain 
Drain 7.71 6x1 0-7 4.288~1 0-7 

4.288~1 0-7 5.366~1 0-7 
(b) Series inductance matrix, L, (H/m). 

Drain 
Drain 100.5 -3570x1 O’2 

-3. 570~10-~  1.460 
(c) Conductance matrix, G, (Mho/m). 

Drain 
Drain 5651x1 0-l’ -3.570~1 0-” 

-3.570~10-’’ 7.187 X~O-’ ’  

(d) Capacitance matrix, C, (F/m). 

Table 2. Calculated admittance and impedance matrix 
elements at 10 GHz. 

DFET Fabrication 

Fig. 7 shows the DFET process sequence. The process begins with the 
material described in Table 3. A mesa is formed by a traditional 
1 H,PO,:4 H,02:45 DI wet chemical etch and GeAu/Ni/Au ohmic contacts are 
formed using standard lift-off technique. The gate recess etch is defined by a 
thick photoresist which also defines the T-gate’s base. The recess was 
performed with the same etchant as described above to a depth of 
approximately 2500 A. Complications with this recess etch arose due to an 
electro-chemical effect caused by the large source and drain contacts exposed 
to the etchant. This was solved by applying a thin insulating nitride layer over 
the source and drain ohmic contact metals prior to etching. 
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Ohmic Contacts 
D. .. 

/ 

(a) Mesa is formed by a wet etch and Ohmic contacts are 
formed by lift-off methods. 

Gate Recess PR 

(b) 1 pm thick PR is used to define gate recesses and 
provide support for the T-gate. 

Gate/Seed Metal 

(c) Gate is defined by a seed layer. 

Plated AIJ PR 

(d) Gate, source and drain are simultaneously plated with 
2 pm of Au. 

I -  I k- 10.5 -2.5 k 4.5 -I 

(e) Final device after PR and seed layer removal. 
Fig. 7. DFET process sequence. Dimensions of final 
device are in micrometers. 

Name 

cap 
channel 

buffer 
substrate 

Thickness Doping Type Doping Level 
2000 I4 n-type (Si) 5x1 0l8 
3200 8, n-type (Si) 5x1 0j8 
5000 A UID - 
450 pm SI - 

Table 3. DFET material growth specification. UID and S I  
mean unintentionally doped and semi-insulating, 
respectively. 

A 3500 A thick TiAu gate contact metal forms the seed layer for a 2pm thick 
Au electroplated layer. This thick layer is required for low electrical propagation 
loss. Finally, the plating resist is removed with an oxygen plasma etch, the seed 
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layer by ion milling, and the lower photoresist layer by a second oxygen plasma 
etch. The cross section shown in Fig. 7e results. Dimensions shown are for the 
4x10 device. Fig. 8 shows SEM micrographs of a completed device. 

(a) Top of T-gate is 8 pm across. 

(b) Gate close-up. 
Fig. 8. SEM micrographs of the DFET. 
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DFET Characterization 

Extensive DC and RF characterization of the DFET was performed. Results 
from 8x120 devices only will be presented. DC characteristics indicate good 
MESFET operation as shown in Fig. 9. Reasonable saturated drain currents 
(>300 mA/mm) and transconductances (>lo0 mS/mm) were typical. 

0.035 

0.03 

0.025 

0.02 

0.015 

a v 
V - 

0.01 

0.005 

0 
0 1 2 3 4 5 

V d  ,cv 
(a) I-V of a typical 8x120 DFET. Gate width is 100 pm. 

0.05 

0.04 

0.03 

0.02 

0.01 

0 
-5 -4 -3 -2 -1  0 1 

v, (VI 

140 

120 

100 

80 

60 

40 

20 

0 

(P 
3 
h 

3 r 
3 
3 
Y 

(b) I, and g, of a typical 8x120 DFET. 
Fig. 9. DC electrical characteristics of a lumped 8x120 
DFET (l00pm gate width). 

The S-parameters from a 100 pm wide 8x120 DFET test device measured 
from 0.05 to 26.05 GHz at v&= 2 V, I,, = 7.84 mA, and Vas= -3 V are shown in 
Fig. 10. These parameters were measured using ground-signal probes due to 
the geometry of the DFET that resulted in poor measurement quality at high 
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frequencies and seen symptomatically by the “loops” in the parameters. “Ml” 
markers are at 15 GHz for a frequency reference. Ground-signal probes are 
known to suffer from radiation and spurious mode problems at high frequencies 
(>18 GHz). 

Fig. 10. Measured and modeled S-parameters of a 
lumped 8x120 DFET (100 pm gate width). 

Fig. 11 shows the typical figure-of-merit parameters for FET’s plotted against 
frequency. The transit time frequency, ft, is found from the unity magnitude of h,, 
which is about ft = 12 GHz in Fig. 11. This result is not particularly impressive, 
but it may be consistent with the device’s parasitics. Large parasitics (in a 
lumped sense) due to the device’s large T-gate may dominate ft and intrinsic 
carrier transit times are probably much shorter than the indicated l/ft. The 
unilateral transducer gain, U, is also plotted in Fig. 11. Again, the roughness in 
U is due to poor measurement quality caused by the ground-signal probes. The 
measured fmax is found to be over 20 GHz (where IUI=l) which is reasonable for 
a 1 pm gate length MESFET. 

The measured S-parameters were fit to the simple FET model shown in Fig. 
12. The circuit was optimized over the frequency range of 0.05 to 15.05 GHz to 
avoid the errors in the measured data occurring at high frequencies. The 
modeled S-parameters are plotted in Fig. 10 along with the measured data. The 
resulting fit parameters are shown in Table 4 along with their corresponding 
error estimates. The important parameters obtained from this fit are the 
transconductance, 7.588 mS, and output conductance, 0.001 376 S. Since the 
test device was 0.1 mm long, The transconductance and output conductance 
per unit length as required for the simulation are g,= 75.88 mS/mm and 1/Rds = 
G,, = 13.76 S/m. Note how well this value of transconductance corresponds to 
the DC data. 
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Fig. 11. Measured response of a 100 pm gate width 
8x120 DFET. Dash-dot line has a slope of -20 dB/dec. 

6 Source 
-bTd 9m=Smoe 1 - - 

Fig. 12. Equivalent circuit of lumped DFET. 
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Element Value Error 
Estimate 

82.60 fF k0.56 fF 

R d S  

C,, 

Rgs I 3443R 

726.7 SZ k10.45 R 
40.1 8 fF f0.056 fF 

I 32.67fF 
e 2 1  R 
20.35 fF 

gmo I 7.588 mS 20.022 mS 

Td I 4.326 pS k0.068 pS 

Measurements were performed on a 2 mm long 8x120 DFET with the 
results summarized in Fig. 13 and Fig. 14. The device was biased at V,, = 2 V, 
I,, = 1.5 A, Vgs= -3 V. In this measurement ground-signal probes were used 
again with one probe taking the input from gate to source and the other probe 
taking the output on the opposite end of the device from drain to source. The 
remaining “ports” were not terminated (Z +-). The results from the theoretical 
model described earlier, are also plotted in Fig. 13 and Fig. 14 as solid lines. 
Both plots show a surprisingly good correspondence and certainly the theory 
shows the correct qualitative response. Recall that the element matrices were 
only calculated at 10 GHz and these elements are known to be somewhat 
frequency dependent -- especially at low frequencies. 

The gains shown in Fig. 13 and Fig. 14 are not particularly large, but they do 
demonstrate distributed operation. Notice that the magnitude of U is not much 
larger than the magnitude of S,, indicating further impedance matching would 
not significantly improve device performance. This is one of the predicted 
benefits of a distributed device. Also, note that the device exhibits gain at 
frequencies well over the traditional transit time cutoff. Again, this is expected for 
a distributed transistor as device parasitics are “absorbed” into the transmission 
line. Higher gains would be expected with longer devices, though 
measurements performed on longer devices (5 mm) resulted in similar results 
as in Fig. 13 and Fig. 14. Additional studies of the internal wave configurations 
of the device will hopefully yield a more optimal device design or termination 
conditions to allow for higher-speed and higher-gain operation. 
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Fig. 14. Comparison between measured (points) and 
theoretical (line) magnitude of the unilateral transducer 
gain, IUI. 
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V. Conclusions 

The importance of distributed device design for ultra-high-speed operation 
was shown and results from both distributed optical and electronic devices were 
summarized in this report. Distributed electrodes in optoelectronic devices allow 
for operation at frequencies well within the millimeter-wave frequency range. 
Similarly, future work should allow for distributed electronic devices to operate 
at millimeter wave frequencies at greatly increased power levels and 
efficiencies as compared to present-day lumped designs. 
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ABSTRACT 

High-speed high-performance optical phase modulators are being 
developed for use in a coherent Photonic Integrated Circuit (PIC) technology. 
These phase modulators are the critical component of a PIC program at Sandia 
National Laboratories targeted for microwave/millimeter-wave signal 
processing and control including phased-array antenna control. The primary 
design goals for these modulators are amenability for integration into PICs, high 
"figure of merit" (FOM -- phase shift per unit lengthwoltage), and large 
bandwidths allowing for operation at millimeter wave frequencies. Depletion- 
edge-translation optical phase modulators (GaAs/AIGaAs based) have been 
selected as the device technology of choice due to their high FOM (>GOO/V.mm 
@ 1.3 pm). These modulators unfortunately suffer from a large terminal 
capacitance which greatly limits speed. To overcome this problem, a distributed 
electrode design based on the use of slow-wave coplanar strips has been 
developed. Device design and measurements are presented in this paper. 
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2. MOTIVATION 

High performance optical phase modulators for photonic integrated 
circuit (PIC) applications must not only be high-speed but also physically small. 
This can be appreciated by inspecting the symbolic layout of COMPASS shown 
in Figure 1. COMPASS (Coherent Optical Monolithic Phased Array Steering 
System) is an internal program at Sandia which drives many of our PIC efforts. 
This proposed system, which has been discussed in detail elsewhere, [l] is an 
ideal example of the type of complexity anticipated in PIC'S based entirely on 
optical phase shifters.[2] COMPASS has several optical phase modulators in 
every signal path from input to output. Specifically, in the optical frequency 
translator portion of the circuit alone, the total peak phase shift required is 8.4 
radians or approximately 4800 of phase shift. Assuming a reasonable bias level 
of 5 V, circuit size can easily become prohibitively large. If a given phase 
modulator had a meager FOM of 4.50N.mm (as with some high-speed optical 
phase modulators[3]), the optical frequency translator alone would need be 
2.1 cm in length -- a length not realistic for a semiconductor circuit. Using 
instead a modulator with a FOM of 6OoN.mm as typical of the modulators 
discussed here, the total length would be only 0.16 cm. In practice significant 
additional lengths might be required for the necessary power splitters and 
combiners for the circuit, but total circuit length will still be dominated by phase 
shifter length. 

This example shows that a high FOM phase modulator is essential for 
producing complex PICs. Certainly, a high FOM will have a very significant 
impact on device yield. To obtain this necessary high FOM, depletion-edge- 
translation optical phase modulators (GaAdAIGaAs) have been selected as the 
device technology of choice for our PIC effort. 
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-b 

A Optical Splitter/Coupler - Optical Waveguide - 
Optical Phase Shifters 

Turning Mirrors Normal Turning Mirrors 

Fig. 1. Symbolic layout of COMPASS. a). Optical frequency 
translator. b). Output power dividers and phase control. 

3. DEPLETION-EDGE-TRANSLATION PHASE MODULATOR 

Figure 2 shows details of the depletion-edge-translation phase 
modulator. This and similar designs have been discussed in detail in the 
literature.[4] Based on the basic design outlined in Fig. 2, we have observed 
phase shifts as large as 640N.mm at 1.3pm with optical losses around 4 dB/cm. 
Fabrication details of this structure can be found in a separate paper.[5] 
Unfortunately, these depletion-edge-translation optical phase modulators suffer 
from large device capacitance which greatly limits device speed if conventional 
lumped designs are used. This large capacitance occurs due to the heavy 
doping required to produce large electric fields within the modulator for high 
FOM operation. Lumped depletion-edge-translation modulators in our 
laboratory have exhibited experimental bandwidths of only about 1 GHz -- a 
speed inadequate for all but the slowest of microwave applications. To obtain 
high-speed operation, a distributed electrode design based on the use of slow- 
wave coplanar transmission lines has been developed. 
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Fig. 2. Reverse-biased depletion-edge-translation optical 
phase modulator. a) Rib waveguide design. b) Cross 
section of modulator region. Dashed lines represent 
depletion layer edges. Center GaAs layers provide index 
change for light guiding. 

4. ELECTRODE DESIGN 

In order to produce a high-speed depletion-edge-translation optical 
phase modulator it is necessary to provide impedance control and a velocity 
match to the degree sufficient to avoid "phase cancellation" along the device's 
length. Impedance control is necessary to provide an optical power match from 
the drive electronics to the modulator. As a minimum, it is desirable for the 
modulator to have a frequency-independent real load impedance. This is 
generally not difficult, if the characteristic impedance of the device is known, 
and a resistive termination is used. 

Avoiding "phase cancellation" is a more complex problem. In general, 
optical phase modulators are large, due to the weak interaction between light 
and the modulating media. Due to this extended length of interaction with the 
light, velocity synchronism of the light to the electrical drive signal along the 
length of the modulator becomes important. In the worst case, the electrical 
drive signal can become exactly 1800 out of phase with the modulated light 
along the device length. This will occur periodically with frequency with the 
lowest frequency (fd at : 

C 

f c f  =- 

in which L is the length of the device, c is the speed of light, and An is the 
difference between the optical index no and the rf index nd. This equation sets 
an absolute maximum frequency limit on the allowed velocity mismatch in a 
distributed phase modulator. Naturally, the -3 dB point will be at a somewhat 
lower frequency, but Eq. 1 is still a good goal for design. Here, the rib guide 
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structure discussed earlier has an optical index of approximately 3.3 with a FOM 
of approximately 6OoN.mm. Assuming a device length of 1 .O mm (3000 for 5 V 
bias) and operation to 30 GHz, An must be less than 5.0. This is equivalent to nd 
being between 1.0 to 8.3. This large range of acceptable rf index is a result of 
the short length of the device due to the device's high FOM. In spite of this large 
index range, it is still difficult to design an appropriate modulator electrode 
structure. 

It has long been known that planar transmission lines fabricated over 
doped semiconductors result in slow wave propagation.[6] Depletion-edge- 
translation optical phase modulators are based on high doping levels which 
results in very slow electrical propagation along the device's length. Some of 
our first lumped modulator designs had propagation velocities of less than 1/20 
the speed of light. (nd = 20) -- a speed not useful in spite of the minimal 
velocity-match requirements developed above. Fortunately, it is not to difficult to 
increase the velocity propagation to acceptable levels. 

-150 p- 
I-- \ 

p-type mesa cap 
Fig. 3. Cross section of the slow-wave coplanar-strip 
electrode design. 

Propagation along slow-wave transmission lines of the type relevant 
here can be described to first order by quasi-TEM analysis.[7] That is, the 
propagation can be adequately described by the unit length impedance Zand 
admittance Y of the transmission line. Once knowing Zand V, the transmission 
lines characteristic impedance Z, and propagation constant y can be found 
from: 

The real part of y gives the propagation loss along the electrode and the 
imaginary part gives the velocity along the electrode. The rf index ( n ~ =  c/vg) is 
related to the imaginary part of yby nrf= d w  I m ( ~  in which c is the speed of 
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light, and w is the angular rf frequency. Zand Y can be estimated analytically for 
simple structures or calculated numerically for more complex structures. We 
have selected a quasi-static finite element package from Ansoft[8] to determine 
the admittance and impedance per unit length of our devices. 

Analysis of various possible electrode structures indicated that it is very 
difficult to obtain a perfect velocity match between the light and electrical drive 
signal due to the necessary large device capacitance per unit length. This is 
particularly true if a characteristic impedance close to 50 i2 is desired. As a first 
attempt, the coplanar strip-like structure shown in Fig. 3 was selected. One of 
the interesting features of this electrode structure is the small gap selected 
between the ground and signal electrodes. This requirement for a small gap 
may be counter-intuitive, as it increases the capacitance of the device which 
would be expected to further slow propagation. Though capacitance is 
increased, decreasing this gap also reduces the inductance per unit length so 
that the net effect is to increase the velocity of propagation along the line. Being 
able to separately adjust a transmission line's inductance and capacitance per 
unit length is a feature of slow-wave transmission lines. In conventional linear 
transmission lines the inductance and capacitance per unit length are coupled 
by the propagation velocity (vg = l / d E )  which is determined by the dielectric in 
the transmission line. 

5. EXPERIMENTAL 

Devices were fabricated and tested both electrically for transmission line 
properties and optically for phase modulator performance. Fig. 4 shows 
measured and simulated results for the electrical transmission line properties of 
the modulator. These measurements were made with on-wafer microwave 
probes. The measured S-parameters were directly converted to the 
transmission line parameters shown in Fig. 4. The rf index is seen to still be too 
large (>7); the characteristic impedance is rather low; and losses are somewhat 
excessive. 

The propagation velocity along the device can be increased by 
minimizing device capacitance and inductance per unit length. Capacitance 
can be minimized by reducing stray capacitances and junction area 
(implantation). Capacitance can also be reduced by increasing junction width 
with some sacrifice of FOM. The inductance can be reduced by further 
minimizing the gap between the electrodes. The low characteristic impedance 
is unfortunately a requirement for a fast transmission line with large capacitance 
per unit length (Zo= l/(C.vg)). 

Propagation losses are the primary factor limiting device speed. They 
can be reduced somewhat by increasing metal thickness, but a more important 
factor is to minimize the doped materials where the electric field is large within 
the structure. This was a rather surprising result discovered during simulation. 
The small (sub micron thickness) moderately doped p-type mesa cap to either 
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side of the waveguide rib as shown in Fig. 3, constitute most of the propagation 
loss at microwave frequencies. The elimination of this cap is expected to at least 
halve the rf loss along the electrodes. An electrical isolation implant is being 
used to effectively remove this cap in future device designs. 

Frequency (GHz) 
Fig. 4. Transmission line properties of modulator. Lines are 
measured. Symbols are theory. 

31 



To perform high-speed testing, the modulators were packaged with 
optical connections made by butt-coupling to single-mode fibers. Electrical 
connections were made by ribbon bonding from microstrip lines. Fig. 5 shows 
the measured response from 0.045-20 GHz, using an HP 8510C network 
analyzer. The modulator was driven optically with a 1.3 pm Nd:YAG laser. 
Electrical drive was directly applied from one port of the network analyzer and a 
35 GHz bandwidth photodetector was used at the other port to detect the 
modulated light. Normalization of the response occurred during network 
analyzer calibration. No correction for detector response or other system losses 
was performed which makes the normalization in Fig. 5 arbitrary. Signal 
strength is seen to be somewhat low in Fig. 5. The measured noise floor, 
however, was in excess of 100 dB so the measurements should be valid. 
Several factors contribute to the low signal strength. The most significant signal 
loss was due to the large optical loss resulting from the fiber butt-coupling. 
Additionally, the phase modulator's facets were anti-reflection coated prior to 
packaging which eliminates all Fabry-Perot modes in the modulator. This 
means, true phase-modulation was used which is inefficient when detected by a 
photodetector. Finally, the measurement was performed with no impedance 
matching of the rf source (50G) to the device (=9Q). 

Several interesting features are present in the measured response. First, 
a large initial roll-off is evident at low frequencies. This is due to the bias 
network used in the experiment. The device was packaged with a 10Q resistive 
termination which required a blocking capacitor in series for DC bias. This 
results in a theoretical 16 dB response roll off at low frequencies -- similar to 
that measured. Secondly, device response is limited to an approximate usable 
bandwidth of 10 GHz. This bandwidth limitation is due to device loss rather than 
velocity mismatch. This can be seen by observing the "counter-propagating" 
response which is also shown as a dotted line in Fig. 5. The counter- 
propagating response is seen to have a notch at 13 GHz. Applying Eq. 1 and 
assuming the light propagates with no = -3.3 (opposite the electrical drive 
signal), the rf index must be nrf= 8.2. This rf index is in reasonable agreement 
with the measured nrf in Fig. 4. Again applying Eq. 1, the bandwidth for co- 
propagating operation should be 30 GHz. This frequency is much higher than 
the present device bandwidth; so therefore, device speed is not presently 
limited by velocity mismatch. These calculations indicated that the bandwidth is 
limited by excessive electrical propagation loss along the device. This is 
particularly evident in light of the measured electrical loss in Fig. 4. 

This present modulator design suffers from several disadvantages, with 
the most significant problem being electrical propagation loss. A new modulator 
design employing the changes outlined here is currently in process. The new 
design uses a slow-wave coplanar transmission line design for the electrodes. 
This will atlow for a faster electrical propagation, which will virtually eliminate 
the velocity matching issue except for operation in excess to 100 GHz. 
Additionally, great care is being taken to eliminated all excess electrical losses 
in the device. The theoretical bandwidth of this new device is 30 GHz with 
useful operation extending well within the mm-wave band. Fabrication details of 
this new device can be found elsewhere.[5] 
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Fig. 5. Measured response of a packaged 1 mm length 
optical phase modulator. The solid line is co-propagating 
operation and the dashed line is counter-propagating. The 
notches in both responses at approximately 11 GHz are 
believed to be due to a package resonance. 

6. CONCLUSIONS 

The design and test of a high-speed large-FOM optical phase modulator 
was presented. The current design has obtained usable operation to 10 GHz 
while maintaining high FOM. Calculations indicate and measurements confirm 
that a velocity match in depletion-edge-translation optical phase modulators is 
difficult, making true traveling-wave operation unlikely. Nevertheless, the 
technique presented here offers the reduction of velocity mismatch and 
provides for a controlled drive impedance. It should be possible to produce 
depletion-edge-translation optical phase modulators for PIC use which can 
operate at millimeter-wave speeds (> 30 GHz) while simultaneously 
maintaining very high FOMs (>GOON-mrn) for small circuit size. 
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Abstract 

A high-performance high-speed optical phase modulator for photonic 
integrated circuit (PIC) use is described. Integration of these optical phase 
modulators into a real system (COMPASS) is also discussed. The optical phase 
modulators are based on depletion-edge translation and have experimentally 
provided optical phase shifts in excess of 6OON.mrn with approximately 
4 dB/cm loss while simultaneously demonstrating bandwidths in excess of 
10 GHz. 

Introduction 

Optical control of microwave systems offers many merits over traditional 
electrical methods. The primary advantages are improved electromagnetic 
compatibility of fibers over metal wires, reduced system weight, and lower 
distribution loss.[l] Additional system-specific benefits are also commonly seen, 
such as, simplified signal distribution manifold design, efficient high-speed 
beam forming, and improved feed line flexibility in phased-array antennas, 

This paper briefly describes our efforts at Sandia National Laboratories 
to develop a PIC technology for the control of microwave signals. Our PIC 
approach is based entirely on "passive" optical components with optical power 
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provided by an external laser source. Only passive optical phase shifters are 
required on-chip to provide useful control functions for microwave applications. 

Since high-performance optical phase shifters are critical for this 
technology this paper will primarily address their required performance and our 
selected approach. A phased-array antenna control system being pursued at 
Sandia called COMPASS will be discussed to provide modulator performance 
guidelines. 

COMPASS 

COMPASS [2] (Coherent Optical Monolithic Phased Array Steering 
System) is an optical concept system which was developed both to address a 
need for improved phased-array antenna control and to provide a driver for our 
PIC program. Fig. 1 shows a block diagram of the COMPASS PIC. The PIC is 
powered by one laser source which is appropriately modulated and split into N- 
parts and fed through optical fibers to N antenna elements. The light is then 
detected to provide a phase controlled RF signal at each antenna element. The 
RF phase control is performed by optical heterodyning. In any heterodyning 
process (electrical or optical), phase is preserved between the input signals and 
the resulting tones. This provides a method of directly mapping an optical phase 
shift into an RF phase shift.[3] This mapping occurs independent of the RF 
operating frequency. Therefore, the COMPASS system will allow phase control 
over a large bandwidth, but instantaneous bandwidth will need to be restricted 
to exceptable beam squint performance. For narrow band systems (Le. radar) 
this will not be an issue. 

Fig. l a  shows the Optical Frequency Translator (OFT) portion of the 
COMPASS PIC. This circuit generates an optical signal which is frequency 
translated by the RF operating frequency from the input laser. This signal along 
with a portion of the input light, provides the signals for the heterodyning 
process. Generating these two optical signals by such a method provides the 
benefit of phase noise synchronism. Good spectral purity of the RF signals 
generated at the antennas will therefore be achieved. For a laser coherence 
length much longer than the path length difference between the two optical 
signals from the OFT output to the antenna, laser phase noise will be minimized 
and good RF spectral purity will result. Since the maximum path length error is 
expected to be less than 10 pm, a laser with a few cm coherence length should 
be adequate. 

The OFT operates in an analogous manner to a conventional phase- 
shift-based SSB modulator.[4] The circuit as shown, can be visualized as two 
Mach-Zehnder modulators which are operated to produce two double-sideband 
modulated signals with no carrier. Then by combining the appropriately phased 
outputs of these two modulators, one of the sidebands can be canceled leaving 
a lone SSB or frequency translated signal. A more detailed discussion of this 
circuit along with fabrication was given by lzutsu et a1.[5] 

The second part of the COMPASS PIC is shown in Fig. 1 b. This portion 
of the circuit divides the optical signals into N parts, introduces the optical phase 
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(analog or digital [6]), and provides an interface to N fibers for signal distribution 
to the N antenna elements. The actual mixing operation occurs in the square- 
law photodetector at the antenna as shown in Fig. 2. The resulting RF signal 
can then be appropriately signal conditioned and used for the phase-frequency 
reference for the transmitter or receiver's local oscillator. The two optical signals 
which produce the RF are sent to the antenna through the same fiber. This 
reduces fiber length sensitivity to roughly the same requirements as 
conventional RF waveguide designs. The only phase sensitive paths in the 
COMPASS system are in the PIC where the two optical channels are routed 
down different paths. Since these paths are on-chip and by design will be very 
short and length matched, the system should have excellent temperature 
stability characteristics for an optical system. 

Throughout the COMPASS system optical phase modulators are 
employed. Phase modulators are the critical component in our PIC technology. 
These modulators are required to provide high phase-shift-per-unit- 
length-voltage and low optical loss while simultaneously providing large 
electrical drive bandwidths. For example, in the COMPASS system the OFT 
section alone requires in excess of 4800 of optical phase shift. Most current 
optical phase modulator technologies are pushed to provide the meager 1800 
phase shift required for Mach-Zehnder amplitude modulators in cm size chips. 
Clearly, such approaches would provide little utility in producing a PIC like 
COMPASS. 

Here, through the use of depletion-edge-translation (DET) optical phase 
modulators we can achieve phase shifts in excess of GOoN-mm at 1.3 pm 
optical wavelength. With such an approach, assuming 5 V operation is desired, 
the necessary 4800 phase shift can be achieved with simply 1.6 mm of 
combined phase modulator length. Naturally, additional device length will be 
required for the passive optical on-chip interconnects (corners, power 
splitters/combiners, ...), but phase modulator length is expected to still dominate 
overall chip length. 

De pl et i o n-E d g e-Tra n s I at i on Mod u lat or 

DET optical phase modulators are based on appropriately combining 
both electro-optic and carrier effects to provide a maximum phase shift.[7] Fig. 3 
shows a diagram of a DET modulator. This modulator lends itself well to 
integration since passive waveguides and phase modulators have the same 
exact waveguide structure with the only difference being metal contacts placed 
on top of the modulators. The light is confined closely to the junction's center to 
provide a maximum overlap between the electric and optical fields. Note the 
heavy doping levels used provide a high electric field within the junction. Use of 
these modulators presents several challenges. First, the heavy doping results in 
a large terminal capacitance which limits device speed. Secondly, the tight 
vertical confinement of the light causes critical fabrication issues for proper light 
guiding and large optical losses in fiber butt coupling. A novel design approach 
addresses the speed issues, whereas fabrication and packaging issues are 
addressed elsewhere.[8],[9] 
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Distributed Electrode Design 

As discussed above, D E I  optical phase modulators necessarily suffer 
from a large terminal capacitance. Capacitance cannot be reduced without 
lowering the high phase shift of the device which would quickly make 
COMPASS prohibitively large. Therefore, a distributed approach to the 
modulator's electrode design was developed. Since a DET modulator has 
heavy doping, propagation along its electrodes is slow-wave.[l 01 The first DET 
modulators fabricated in our laboratory, with no regard for distributed effects, 
had an estimated RF index (c/vp) in excess of 20. Since the optical guides 
effective index is about 3.5, velocity mismatch was an issue. 

Since an electrical propagation velocity increase is required and the per 
unit length capacitance is fixed, the only means left to increase the propagation 
velocity is to reduce the electrode's inductance per unit length ( v p = l / d E ) .  This 
was achieved by changing the device's cross-section to that shown in Fig. 4. 
The inductance is minimized by reducing the gaps on a slow-wave coplanar 
waveguide structure[l I ]  to less than 1 pm. This has experimentally been seen 
to increase the velocity to levels similar to the light's. The only disadvantage to 
this approach is the resulting decrease in characteristic impedance caused by 
the reduction of inductance ( Z o m  ). Line impedances of about 10R result 
which will require impedance matching for use in 509 systems. 

To date, bandwidths of 10 GHz have been demonstrated with devices 
similar to that shown in Fig. 4. Though the velocity mismatch has been 
adequately addressed, electrical propagation losses dominate the modulator 
response. Simulations performed by quasi-TEM analysis based on finite- 
element solutions[l2] have indicated that most power dissipation is in the 
semiconductor regions. In particular, at least half of the line's loss occurred in 
the p-type caps on the p-mesa to either side of the rib guide (see Fig. 4). These 
caps are being ion implanted on current designs to minimize this loss. 
Theoretical bandwidths are then in excess of 30 GHz while still maintaining 
approximately 6OON.mrn optical phase shift. 

Conclusions 

Optical control of microwave systems is possible provided that an 
adequate PIC technology can be developed. The critical component of such a 
technology is the optical phase modulator. Optical phase modulators are 
required to have large phase shifts per unit length-volt in order to allow for 
realistic sized PICs. Additionally, they must have sufficient bandwidth to operate 
at the desired microwave system frequency. A depletion-edge-translation 
modulator under development at Sandia addresses these needs by providing 
6OoN.mm optical phase shift with e4 dB/cm optical loss and a 10 GHz 
bandwidth. Current design considerations predict future bandwidths in excess 
of 30 GHz. 
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