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The operating  speeds of the  fastest  electronic 
devices  and  integrated circuits (ICs) have 
surpassed  the  capabilities of conventional 
electronic  measurement  instrumentation. 
Electro-optic  sampling is an optical probing 
technique  which  has  ultrashort  temporal 
resolution  and is capable of noninvasively 
probing ICs at internal  nodes.  This  technique is 
voltage-sensitive  because it relies  upon  the 
electric field produced by the  signal  voltage  on 
the  device  under test (DUT).  The electric field 
(and  hence  the  voltage)  can be sampled 
because it produces  birefringence in an electro- 
optic crystal which  changes  the state of 
polarization of  an ultrashort-duration optical 
probe  pulse  that  propagates  through  the  electro- 
optic  crystal. The electro-optic crystal is the 
substrate of the DUT for direct probing, is a 
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crystal on  a  separate test structure  for  hybrid 
probing,  and is a  separate crystal placed  above 
the DUT for  external  probing.  Temporal 
resolution  below 1 ps and  a sensitivity below 0.1 
mV/&  have  been  demonstrated  (though  not in 
the same  experiment).  The  principles  of  electro- 
optic  sampling  are  reviewed in this paper. 
Selected  applications  for  measurement of high- 
speed  waveforms in discrete devices  and in ICs 
are  presented. 

1. Introduction 
The very  high  speeds at which electronic devices and 
integrated circuits (ICs) are now  capable  of operating 
have created a measurement problem. For example, 
selectively doped heterostructure transistors having  10-ps 
average propagation delay times at room temperature [ 11, 
as well as pseudomorphic InGaAs/InAlAs modulation- 
doped field-effect transistors (MODFETs) with an 
extrapolatedf,,, of 200 GHz [2] ,  have been fabricated. 
Also, digital  ICs  with  a  clock  frequency  above 26 GHz 
have  been reported [3]. To evaluate such  devices, 
measurement techniques that provide both high temporal 
resolution and  the ability to probe noninvasively at 
internal points of the IC are required. Conventional 
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electronic  test methods are either too limited in 
bandwidth or too invasive at high  frequencies to 
characterize  such  devices  successfully. 

A variety of  new testing  techniques,  some of  which are 
discussed  in this journal issue,  have  been demonstrated to 
overcome  these  difficulties. This paper  describes one of 
these new techniques, electro-optic  sampling, which  is an 
optical  probing technique [4]. The physical  basis of this 
probing technique is the electro-optic effect, in which the 
presence of an electric field across  an appropriate 
substrate  induces a field-dependent  birefringence in the 
substrate. The birefringence  affects an optical  probe  beam 
by altering  its state of polarization. If the field  is  caused 
by a voltage on the device, the change of polarization of 
the probe  beam can be related  directly to the voltage. 
Thus, electro-optic  sampling  is a voltage-sensitive 
technique. When the optical  probe  beam  is a train of 
ultrashort (picosecond-duration) pulses,  very-high-speed 
voltage  waveforms  can  be  resolved,  because the pulses act 
as  sampling  gates. The technique is  applicable to internal 
probing of ICs, because the optical  probe is spatially 
localized and can be  focused to - 1 -pm diameter. There is 
no mechanical contact between the device under test 
(DUT) and the probe, so if the substrate is transparent at 
the wavelength of the probe  beam,  electro-optic  sampling 
is noninvasive. 

Electro-optic  sampling  requires a substrate that exhibits 
a linear electro-optic  effect.  Materials  which  have an 
inversion  center of symmetry,  such  as  silicon,  necessarily 
do not exhibit a linear  electro-optic effect, and cannot be 
probed by electro-optic  sampling. Three basic variations 
of electro-optic  sampling  may be distinguished, 
depending upon the relationship between the substrate in 
which the electro-optic effect  is  observed and the DUT: 
direct, external, and hybrid  sampling.  In  direct  electro- 
optic sampling, the DUT is  fabricated on a substrate that 
is itself  electro-optic, and the probe  beam  senses the fields 
produced by voltages in the DUT via the electro-optic 
effect in the substrate. Direct  electro-opt$  sampling  has 
been  applied to devices  fabricated on GaAs and InP 
substrates. For external and hybrid  sampling, the DUT 
need  not  be  fabricated on an electro-optic  substrate, so 
measurements can be performed on silicon,  as well as 
GaAs  or InP, devices.  In  external  sampling, a crystal of 
an electro-optic  material,  such  as  LiTaO, or GaAs, is 
placed  above the DUT, so that the electric fields from the 
DUT penetrate into the  sampling  crystal.  In  hybrid 
sampling, a discrete  sampler, which  is  usually  composed 
of a microstrip  transmission  line  deposited on an electro- 
optic material, is  electrically  connected to the DUT, so 
that voltage  waveforms  produced in the DUT are 
coupled into the sampler. In both external and hybrid 
sampling, the probe  beam  does not propagate through 

142 the DUT, but rather through the sampling  crystal. 
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The use  of the electro-optic effect to measure  high- 
speed  electrical  signals was  first demonstrated by Auston 
and co-workers [5,6]. The technique was extended to 
higher  sampling  rates 171 and finer temporal resolution 
and voltage  sensitivity [4] by subsequent workers. The 
first applications of electro-optic sampling to the 
measurement of waveforms internal to integrated circuits 
were reported in 1985 [8,9]. There have  been  several 
recent reviews on the topic of electro-optic sampling 
[ 10- 171. The reader is referred to these  reviews for 
greater  detail in various  aspects of the technique than 
that presented  here. 

This paper  is  organized as follows.  Section 2 describes 
the basic  physics  of the electro-optic effect and its specific 
application to the measurement of  signals  from  high- 
speed  devices. Technical aspects of the implementation of 
electro-optic  sampling  for  measuring  high-speed 
repetitive  waveforms are presented in Section 3. 
Illustrative applications are presented in Section  4. The 
results  given there are not a complete account of the 
body  of  work that has by now  been  published. For more 
extensive  references, the reader  is  again  referred to  the 
reviews cited  above.  Finally,  some limitations and future 
directions  for  electro-optic  sampling are discussed in 
Section 5. 

2. Principles of the  electro-optic  effect 
The description of the electro-optic effect  begins  with the 
definition of the impermeability tensor of a crystal, 9, 
whose elements are  given (in MKS units) by 

where t,, is an element of the dielectric  tensor  for the 
crystal, to is the permittivity of vacuum, and n,, is an 
element of the refractive  index tensor of the crystal. The 
propagation of  light through the crystal  is  described in 
terms of the index  ellipsoid, which  is  given  by 

v . . x x .  = 1, 

where x,, i = 1, 2 ,  or 3, is a Cartesian coordinate. In 
Equation ( 2 )  and henceforward, the convention of 
summation over  repeated  indices  is assumed. In the 
principal coordinate system, the dielectric tensor is 
diagonal, n, = ni6,, and the index  ellipsoid  is  also 
diagonal. The ellipsoid  surface in coordinate space 
described by Equation (2) can be  used to determine the 
index of refraction  for a light  wave  propagating  with 
wave vector k through the crystal. The major and minor 
axes  of the ellipse  formed by the intersection of the index 
ellipsoid  with the plane normal to k define the 
orientation and magnitude of the ordinary and 
extraordinary indices of refraction for the light wave. For 
a particular polarization D of the light wave, the index of 

1J I J ( 2 )  
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refraction is  given  by the magnitude of this ellipse along Table 1 Electro-optic  tensors. 
the direction D. 

The electro-optic effect is described in terms of the 
electric field dependence of the impermeability tensor 
[ 181: 

s,,(E) = n,(O) + r,,E, + s,,,E,E, + . . . . ( 3 )  

E is a low-frequency  (below optical frequency) electric 
field imposed on the crystal. The coefficients rI,, are the 
linear or Pockels electro-optic coefficients, and the 
coefficients sokc are the quadratic or Kerr electro-optic 
coefficients. The linear electro-optic coefficients  vanish 
because of symmetry considerations for crystals with 
inversion symmetry, such as silicon. The weaker 
quadratic electro-optic effect is present in all materials. 
For the remainder of this paper we consider only the 
linear electro-optic effect. 

It can be shown from symmetry considerations that  the 
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indices i and j (and k and I )  in Equation ( 3 )  can be 
permuted [ 181. To take advantage of this permutation 
symmetry, we introduce contracted indices as follows: 
(0) + k;  ( 1  1) + I ,  (22) + 2, (33)  + 3, (23) = (32) --., 4, 
(13)  = ( 3  1) + 5 ,  and (12) = (21) + 6. With contracted such  crystals the principal axes are the (100) 
indices, Equation ( 3 )  becomes crystallographic directions, and in the absence of an 

applied electric field the crystals are isotropic with index 

ellipsoid in  the presence of the field E, is 
o m  = O,(O) + r,kEk> (4) of refraction n. From Table 1 and Equation ( 5 ) ,  the index 

where i = 1-6 and k = 1-3. In the principal coordinate 
system in which e ,  is diagonal, Equations (1)  and (4) are X’ y2 z’ 
combined to give 7 + 7 + 7 + 2r4,xyEz = 1. 

n n n  

The last term on the left-hand side  of Equation (6) mixes 
the x and y axes. The new principal axes for the index 

+ 2yzr,,Ek + 2xzr,,Ek + 2xyr,,Ek = 1. ( 5 )  
ellipsoid are x’, y’, and z ,  where 

1 
The electro-optic tensor has up  to I8 independent i’ = - (i + jl), 
elements r,, but this number is further reduced by crystal 
symmetry. Table 1 gives the form of the electro-optic 1 
tensors for  two  crystal symmetries important for electro- 
optic sampling experiments: cubic 3 3 m  (for example, 
GaAs and  InP) and trigonal 3 m  (for example, LiNbO, The index  ellipsoid becomes 

Jz 

jl‘ = - ( 4  + jl). Jz 

and LiTaO,) [ 191. 

cross sections of two crystals  with electrodes applied in 
microstrip configuration. The application of a voltage V 
on the top electrode produces an electric field  in the z 
direction of magnitude E,  = V/L or V/d in  Figures l(a) 
and  l(b), respectively. In Figure l(a), the light travels 
essentially parallel to the direction of the electric field  in 
Figure l(b) the light travels perpendicular to the field 
direction. The manifestations of the electro-optic effect 
are therefore referred to as longitudinal and transverse for 
Figures l(a)  and l(b), respectively. 

First we consider the longitudinal electro-optic effect, 
which  is appropriate for crystals of 4 3 m  symmetry. For 

We  next consider specific  examples. Figure 1 shows the 

The indices of refraction along the new principal axes are 

n,, = n - - n r,,E,, 1 3  

2 

n,, = n + - n r4,Ez,  1 3  
2 

nZ = n, (8) 

where we have assumed that n2r4,Ez << 1. Thus,  the 
application of an electric field along i has caused the 3 3 m  
crystal to become birefringent and has created new 
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f 
i 

principal axes  in the x-y plane rotated by 45" from the 
(100) and (0 10) axes. 

Because the crystal  has  become birefringent, it can 
function as a wave plate. It is  therefore  possible to 
construct a modulator based on the electro-optic effect, as 
shown in Figure 2. The electric field  is produced by the 
applied voltage and is oriented parallel to z. Let the input 
optical wave  be  polarized  along x, as  shown. The 
difference in phase accumulated by the y' and x' 
components of the  input optical wave  is the retardation 
r, given  by 

where Equation (8) has been  used and X is the vacuum 
wavelength of the optical wave. For the moment, neglect 
the static quarter-wave (X/4) retardation plate in Figure 2. 
Then, the optical intensity passed through the output 
polarizer, IT, which  is  crossed to the  input polarizer,  is 

J.  M. WIESENFELD 

where Io is the intensity incident on the input polarizer. 
A graph  of Equation (lo), which  is the transfer function 
for the electro-optic modulator of  Figure 2, is  shown in 
Figure 3. When r = T ,  the transmission of the modulator 
is unity. The voltage applied to the modulator which 
produces this half-wave retardation is the half-wave 
voltage, Vr, which  is,  from Equation (9), 

X 
V, = -. 

2n3r41 

In terms of V,, Equation (10) can be written 

zT = I, sin' (T ~ / 2  VJ.  (12) 

For GaAs, r4, = 1.2 x IO-'* m/V and n = 3.60 at X = 
1 .O pm [ 191, so V, = 8.9 kV. For circuit applications, 
voltages  across the GaAs substrate are about 1 V, so the 
retardation and fractional transmission changes caused 
by this voltage are - 
modulator in Figure 3 for  small applied voltages (relative 
to V,), it  is  necessary to maximize dZT/& or, 
equivalently, dZT/dV. For the transfer function of 

To maximize the sensitivity and linearity of the 
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GaAs crystal 

l+"-I AI4 retardation 
Polarizer 

V 

Equation (IO), this occurs at r0 = a/2. The value of r to 
be  used in Equation (10) is the total retardation caused 
by all optical components placed  between the crossed 
polarizers in Figure 3; it therefore includes the static X/4 
wave plate. This wave plate causes the optical wave to 
become circularly polarized and optically biases the 
modulator to a value of r0 = a/2. If we allow the 0.6 

possibility that  the retardation of the static wave plate 
>c 
.e 

deviates from a/2 by a small angle 6, the total retardation 0.4 

between the crossed polarizers in  Figure 3 is r = a/2 + 6 
+ P V/ Vr. Using Equation (IO) and some trigonometric 0.2 

identities gives 

Z, = Z0/2 [l  + sin (aV/Vr + S)] . (13) 

I .0 

0.8 

I I 

0 7112 5r 3 7r12 

The fractional modulation is AZ/Z = [ZT( V )  - ZT(0)]/ZT(O), 
where I,( V )  and ZT(0) are the transmission through the 
analyzer when  voltage V and no voltage,  respectively, 
are applied to the modulator. Because T V/ Vr << 1, 
a series expansion is performed on Equation ( 13) to 
obtain 

Retardation 
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For a signal  of - 1 V and 6 - lo, the second and third 
terms on the right-hand  side of Equation (14) are 
and -lo-* times the first term on the right-hand  side. 
Indeed, at the quarter-wave  bias point, the range  of 
linearity of the electro-optic effect,  as  expressed  by the 
spurious free dynamic range, can exceed  100  dB [ 121. 

illustrated  in  Figure l(b). The 3m crystals  LiNbO, and 
LiTaO,  have a natural (that is, field-independent) 
birefringence,  with the c axis  parallel to the z axis. The 
index  ellipsoid  for a 3m crystal  with the electric field 
applied  along the z axis is, from Equation ( 5 )  and Table 
1, 

We  now consider the transverse  electro-optic effect,  as 

where no and ne are the ordinary and extraordinary 
indices of refraction, and x and y are the principal  axes 
orthogonal to the c axis. The principal  axes are 
unchanged by the field, but the indices of refraction are 
modified  as  follows: 

n, = no - - n,r,,E,, 1 3  
2 

For an optical  beam  propagating  along the y axis, as 
shown in Figure 1 (b), with input polarization at 45“ to 
the x and z axes, the retardation, apart from the static 
wave plate,  is 

where L, and L,  are the widths of the crystal and the 
region  of the electric field (approximately the width of the 
electrodes),  respectively, d is the thickness of the crystal, 
and V = E,d. The first term in Equation (17) is the 
retardation caused by the static birefringence of the 
crystal, and the second term is the birefringence  caused 
by the electro-optic effect. The static retardation can  be 
removed  or  converted to a bias ro = =/2 using a 
compensator 141. The electro-optic  half-wave  voltage 
derives  from the second term and is 

For the 3m crystal, V, depends on the geometry of the 
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crystal,  because  of the factor d/L2. For LiTaO, at the 
wavelength 1.2 pm, r j 3  = 6.2 X m/V, r33 = 26.7 X 

10-l’ m/V, no = 2.1305, and ne = 2.1341 [19]. Therefore, 
V, = 6.0d/L2 kV. For an electrode  configuration on the 
LiTaO,  crystal  corresponding to a 50-0 transmission  line, 
Vr =: 50 kV. Modulation by the electro-optic effect in 3m 
crystals  obeys Equations ( 12)-( 14), with Vr given by 
Equation ( I  8). 

3. Technical aspects 

0 Sampling geometries 
The most important geometries  for  electro-optic 
sampling are shown in Figure 4. Figures  4(a)-4(c)  show 
probing  geometries  using the longitudinal electro-optic 
effect;  Figures 4(d) and 4(e)  show  geometries  using the 
transverse  electro-optic  effect. Geometries 4(a), 4(b), and 
4(e) are useful for probing planar ICs,  4(c)  is  useful  for 
probing an IC in microstrip configuration, and 4(d)  is the 
geometry  necessary  for a hybrid  sampler  using a 3m 
electro-optic  crystal. 

The arrangement shown in Figure 4(a) is the back-side 
probing  geometry  for coplanar ICs  made on substrates of 
GaAs or InP (33m symmetry). The probe  beam enters 
from the rear of the substrate, reflects  off the electrode at 
which the waveform to be  sampled appears, and exits 
through the rear  surface. The spatial resolution  is 
determined by the size  of the focused  near-infrared probe 
beam,  which  can  be  as  small as -1 pm in diameter. For 
optimum performance, the back  surface of the IC should 
be smooth and the electrode  should  be a good  reflector  of 
the probe  beam,  which, in fact,  metallic contacts are. The 
retardation experienced by the probe  beam is twice that 
given  by Equation (9), because the probe  beam passes 
through the substrate  twice. The voltage V in Equation 
(9) is the difference in potentials between the electrode 
and the rear  surface. 

Front-side  probing  geometries  relevant to GaAs or InP 
ICs with coplanar or microstrip configurations are shown 
in Figures 4(b) and 4(c), respectively. In both 
configurations, the probe  beam enters from the front or 
top side  of the IC,  which  must  be  of  good  optical quality, 
reflects  off the back surface, and exits  from the front 
surface. As in the back-side  probing  geometry, the 
retardation accumulated by the probe  beam  is twice that 
given  by Equation (9). Note, however, that the potential 
difference V to be  used  is the difference in potentials 
between the front and rear surfaces at the positions  where 
the beam enters and reflects, and is not the same as the 
difference  between the contact and the rear  surface. 
Because the potential on  the front surface  decreases  as 
the distance from the electrode  being  probed  increases, 
the retardation is  smaller than in the back-side  probing 
geometry [ 161. An alternative way  of  viewing the same 
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transmission  line, it is possible to match the optical 
velocity  with the electrical  velocity and reduce transit 
time limitations to the temporal resolution of electro- 
optic sampling  [4].  Such  velocity matching is not possible 
for  cubic  crystals. 

Figure  4(e)  shows the geometry appropriate for external 
electro-optic  sampling of a signal on a coplanar IC  using 
a crystal of 3m symmetry [22]. No electrodes are applied 
to the sampling  crystal. The field inside the crystal  is the 
field  in the half-plane  above the DUT. As shown, the 
probing  optical  beam  is incident from the top and reflects 
off the bottom surface  of the sampling  crystal,  which  may 
be coated  for high  reflectivity. The retardation 
accumulated by the probe  beam  is twice that given in 
Equation (1 7), because the probe  makes  two passes 
through the field. The appropriate V' in Equation (1 7) is 
the difference in potentials  from one side of the sampling 
crystal to the other. How this relates to the difference in 
potential between the two  electrodes depends on the 
detailed  geometry of the DUT  and sampling  crystal and 
also on the dielectric constant of the sampling  crystal. 
This scheme  for  electro-optic  sampling  is  promising, 
because  it  can  be  used  with  devices  fabricated on silicon 
(which  is not itself  electro-optic)  as well as GaAs or InP. 
However,  spatial  resolution  may  be  limited  because the 
maximum transverse  electro-optic effect occurs  when the 
probe  beam is  placed  between the two  electrodes; in 
complicated  circuit  geometries this may  lead to 
interference or crosstalk  between  voltages  propagating on 
different  lines. This effect might  be  reduced by using an 
external  prober  fabricated in a material  exhibiting the 
longitudinal electro-optic effect, in which the external 
sampler  could be  placed  directly  over the electrode  where 
the signal  is to be  probed [ 171. In addition, the effect  of 
capacitive  loading,  caused by proximity of a high- 
dielectric  material, on the operation of the IC under 
study  needs to be  explored more carefully. 

Geometries  4(b),  4(c), and 4(e) can be  applied to 
measurement of any  devices,  including  packaged  devices. 
The back-side  probing  geometry 4(a) requires  access to 
the back surface of the IC and so is not applicable to 
probing a packaged  device.  However,  geometries  4(a), 
4(b),  4(c), and 4(e)  can  be implemented for wafer 
probing. Indeed, wafer probe stations modified  for  optical 
access  have  been  developed  using  geometries 4(a) [ 151 
and 4(e) [ 171. 

Experimental system arrangements 
Regardless of the exact  probing  geometry  used, a 
generalized  experimental  schematic  for  electro-optic 
sampling can be  described. Distinctions are made 
between  electronic and optical  excitation of the DUT, 
and between measurement in the time and frequency 
domains. 

J.  M. WIESENFELD 

A generalized schematic for measurement of 
waveforms internal to an IC  (by  direct  electro-optic 
sampling)  using  electrical  excitation  is  shown in Figure 5. 
Two  frequency  synthesizers are phase-locked  together 
and generate  signals at frequenciesJ; andf,, which  drive a 
pulsed  laser and the IC,  respectively. The probe beam  is 
biased to ro = ?r 12 by  passage through a quarter-wave 
plate (QWP) and is  focused onto the DUT. The probe 
beam  interrogates the DUT from the back  side, as in 
geometry 4(a), is  reflected by the contact to a 
beamsplitter, and is directed through a polarizer into a 
receiver.  With  obvious  modifications, the other 
geometries in Figure 4 can be  used  with the same  optical 
arrangement. (When the probing  is  performed  with a 
crystal  of 3m symmetry, the optical  bias  is  achieved  with 
a compensator rather than with the quarter-wave plate, as 
discussed  previously.) The nearly circular polarization of 
the probe  beam  is  deformed into elliptical polarization 
via the electro-optic effect caused by the voltage on the 
contact being  probed, and this is converted into  an 
amplitude change by the analyzer. The frequencies of the 
synthesizers are set so thatf, is equal to  an integral 
multiple off; plus a small offset, A$ Successive  pulses 
from the probe laser  therefore sweep across the waveform 
at the rate Af; which is the sampling rate. The sampling 
rate can vary from 10 Hz to 100 kHz, depending on the 
particular experiment. A microwave  mixer  generates a 
signal at Afwhich  is  used to triger the data acquisition 
electronics. 

When the data acquisition electronics  consists of a 
time-domain device  such  as an oscilloscope or a signal 
averager, a replica of the sampled  waveform is 
reconstructed at the rate Af: The frequency  response of 
the DUT  at the point being  probed can be  measured 
directly  when the data acquisition electronics  consists of 
a frequency-domain  device,  such as a spectrum analyzer, 
vector voltmeter, or lock-in  amplifier [ 15, 20, 231. The 
basis for the frequency-domain measurement can be 
understood by noting that  in  the frequency domain the 
electro-optic effect can be  viewed as a mixer [ 1 11, which 
produces sum and difference  frequency components 
between the drive  frequency of the devicef, and the pulse 
repetition rate of the laserf;. The difference  frequency Af 
is readily  isolated  from the other frequencies by the 
frequency-domain data acquisition electronics. 
Measurement of the power and phase at Af as the 
frequency& is varied  gives the frequency  response of the 
DUT directly. 

The DUT can also  be  excited  optically. Figure 6 shows 
a schematic  for  hybrid  electro-optic sampling of the 
impulse  response of a photodetector which  has  been 
illuminated with an optical  pulse  [24].  Pulses  from a 
mode-locked  laser are divided into two  beams. One beam 
provides excitation of the photodetector; the other is the 
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probe beam. The excitation pulse produces a voltage 
pulse in the photodetector, which  is  coupled to a hybrid 
sampler fabricated in microstrip geometry on GaAs 
[Figure  4(c)]. The probe  beam  is  biased by the quarter- 
wave plate, focused onto  the back  surface  of the hybrid 
sampler, reflected  from this surface, and directed through 
an analyzer into a receiver. The temporal waveform  is 
reconstructed by varying the delay  between the voltage 
pulse  traveling on the hybrid sampler and  the probe pulse 
by using a mechanical delay line, as  shown in Figure 6. 
For optical excitation and probing of  ICs, the detector 
and sampler are considered to be combined, and a 
photoactive element of the IC,  such  as a GaAS MESFET, 
is illuminated [25]. In this case, the optical pulse  causes a 
change  in  logic state of the photoactive element, which 
can produce waveforms  of  complex shape at other places 
in the IC that depend on the particular operation of 
the IC. 

The laser source must operate at a wavelength at which 
the electro-optic substrate is transparent. Thus, for direct 
and hybrid sampling of  GaAs or InP, two types of lasers 
have  been  used:  pulse-compressed  mode-locked  Nd:YAG 
lasers operating at 1.06 pm [ I  1, 251, and gain-switched or 
mode-locked InGaAsP diode lasers operating at 1.3 pm 
or 1.5Y p m  [26, 271. The Nd:YAG  laser source produces 
pulses  of 1 -3-ps duration  at a repetition rate near 100 
MHz, and with greater than 100  mW  of  usable  average 
power [ 151. The considerably more compact injection 
laser  sources produce pulses of 10-20-ps duration at 
repetition rates up  to 20 GHz, with  average  power  of 
about 1 mW. For electrical excitation of a DUT  at 
gigahertz  frequencies, the drive to  the DUT is 
synchronized to a high harmonic (>IO) of the repetition 
rate of the Nd:YAG  laser and  to the fundamental of the 
injection laser.  Mode-locked  visible  dye  lasers,  with 
subpicosecond  pulse duration, -50  mW  average  power, 149 
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and 100-MHz repetition rate, have been  used for hybrid 
and external probing with  LiNbO, and LiTaO, samplers. 
Some of the trade-offs involved in using the various laser 
sources are described in forthcoming sections. 

Temporal  resolution 
The effects  which contribute to the temporal resolution of 
the electro-optic sampling measurement are the intrinsic 
response time of the electro-optic effect, transit time 
effects, the laser  pulse duration, and timing jitter between 
the excitation signal and the probe pulse. The retardation 
experienced by the probe beam will  be that caused by the 
electrical  signal  averaged over the applicable times. 
Because the electro-optic effect is an electronic optical 
nonlinearity, its intrinsic response time will be  in the 
subpicosecond range and will  be  negligible compared to 
other effects. 

The two relevant transit times are the electrical and 
optical transit times [ 1 1,  151. The electrical transit time is 
the propagation time of the electrical signal across the 
diameter of the optical probe beam. For a probe beam 
radius of 3 km on a GaAs substrate, the electrical transit 
time will  be 40 fs, which  is  again  negligible compared to 

other effects [ 161. The optical transit time is a more 
significant limitation to  the temporal resolution, 
especially for direct probing of GaAs or InP. The optical 
transit time is the propagation time of the optical pulse 
through the region  of electric field within the electro- 
optic material. Assuming that the field has a large 
amplitude throughout the substrate, as, for example, in a 
microstrip transmission line [Figure l(a)], an upper limit 
for the optical transit time AtoTT is  given by 

For a 250-km-thick GaAs substrate ( n  = 3.3, At,,, = 5.8 
ps. For coplanar structures, the geometry of the contacts 
can confine the electric field to a region much smaller 
than  the thickness of the substrate, causing a reduction in 
the appropriate L in Equation (1 9) and, therefore, a 
reduction in AT,,,. The optical transit time can also be 
reduced by matching the velocity  of the electrical signal 
with a component of the velocity  of the optical beam, 
which is possible for the transverse geometry in LiTaO, 
or LiNbO, samplers [4], but is not possible for GaAs or 
InP [ 1 I]. 
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The probe  pulse duration can be a major limitation on 
the temporal resolution, depending on the laser  used. 
This is particularly true when semiconductor diode lasers 
are used,  because their 10-20-ps pulse durations will 
usually  be  larger than transit times. For direct sampling 
experiments, the 1-3-ps duration pulse  from the 
Nd:YAG  laser  source  may  be  smaller than the optical 
transit time effect. The highest-temporal-resolution 
experiments  have  been  achieved  using  subpicosecond 
pulses  from a visible  mode-locked  dye  laser  with a hybrid 
LiTaO,  sampler [lo]. 

Timing jitter is  caused by random fluctuations of the 
probe  pulse repetition period  with  respect to the period of 
the electrical  signal on the DUT. It is thus related to the 
phase  noise of the probe  laser  pulse train. Timing jitter 
has  been  measured  for  Nd:YAG  lasers [28], mode-locked 
and gain-switched  InGaAsP diode lasers [29], 
synchronously  mode-locked  dye  lasers [30], and passively 
mode-locked  dye  lasers [31]. For the mode-locked 
Nd:YAG  laser  source, the timing jitter is 2-1 1 ps, but 
this can be reduced to 0.3 ps by the application of a 
carefully  designed  external  electrical  feedback  circuit [28]. 
The timing jitter in the pulsed  InGaAsP diode lasers  is 
less than 1 ps [29] and is  therefore  negligible  compared to 
the pulse duration. Timing jitter in the synchronously 
mode-locked  dye  laser  was  measured to be -20 ps [30], 
but this type of laser  has not been  used in electro-optic 
sampling  experiments. For the passively mode-locked  dye 
laser (CPM laser), the relevant  timing jitter was -2 ps 
[31]. Presumably the jitter in the dye  laser  pulse trains 
could  be  reduced by using an external feedback  circuit. 
However, timing jitter does not cause a problem in 
experiments  using  optical  excitation  when the excitation 
and probe  pulses are derived  from the same laser. 

The overall temporal resolution  is the convolution of 
all of the above effects. The most important effects are 
the optical transit time, the pulsewidth Atp, and the 
timing jitter At,. As an estimate, a simple sum of squares 
(Gaussian) convolution form can be  used to arrive at the 
overall temporal resolution At:  

At  = (A& + At; At:)”’. 

Note that the temporal resolution  considered thus far 
gives the limitation for resolving a transition time of an 
electrical  signal.  It  is  possible,  however, to measure 
propagation times for a pulse or other well-defined 
waveform to better accuracy, if no significant  dispersion 
of the waveform  occurs [32]. In this case, the limitation 
on temporal resolution  is  imposed by signal-to-noise 
considerations. 

Sensitivity 
Three important noise  sources  in the electro-optic 
sampling experiment are shot noise in the detected  probe 
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beam, thermal noise in the photoreceiver, and excess 
laser  noise (that is,  noise in the probe  beam in excess  of 
shot noise).  Neglecting the excess  laser  noise and 
assuming that V << Vr, the signal-to-noise ratio SIN of 
the measured  electro-optic  signal  is [ 1 1,  161 

SIN = 
4qia,R,B + 8kTB’ 

where iavg is the average photocurrent at the receiver, V, 
is the peak amplitude of the electrical  signal, R ,  is the 
load  resistor on the photodetector, q is the electron 
charge, B is the bandwidth  of the data acquisition 
electronics, k is  Boltzmann’s constant, and Tis the 
temperature. In  writing Equation (2 I), bias at the 
quarter-wave point and a signal  waveform that is  positive 
only  have  been  assumed. The best  sensitivity  (highest 
SIN) is  achieved in the shot-noise limit, where  the  first 
term in the denominator of Equation (2 1) is much larger 
than the second term. The minimum detectable  voltage 
V,, is  defined to be the voltage that produces a signal-to- 
noise ratio of unity in a I-Hz detection bandwidth [ 1 11. 
In the shot-noise limit, this  is  given by 

where R is the responsivity (in amperes  per watt) of the 
photodetector, Pavg is the average  optical  power incident 
on the receiver, and iavg = RPaVg. More  extensive 
calculations of signal-to-noise ratio, including the effects 
of varying the optical  bias Po and the load  resistor R,, 
have  been reported by Kolner and Bloom [ 1 11. The 
factor of 4 in Equation (22) is a result of choosing a 
signal  which  is  always  positive; a factor of 2 is obtained 
for a sinusoidal  signal. Thus, there is a small  ambiguity  in 
the defining equation for Vmin. 

Equation (22 )  gives a theoretical  sensitivity that has 
not been attained in practice. Figure 7 shows a graph  of 
Vmin as a function of received  optical  power Pa”%. Also 
shown is the signal  voltage that will produce a signal-to- 
noise ratio of unity when the detection bandwidth  is 
10 kHz.  Obviously, the more probe  power  available, the 
higher  is the sensitivity.  Thus,  higher  sensitivity  can be 
achieved  with the more  powerful  mode-locked NdYAG 
probe  laser  source than with the semiconductor probe 
laser  sources.  With an electro-optic sampling system 
based on a Nd:YAG probe laser,  several  mW of probe 
power  is  detected and a sensitivity of 70 pVI&,  which 
is a factor of  two from the shot-noise limit, has  been 
achieved [ 151. With an electro-optic sampling system 
based on a semiconductor diode laser, about 50 pW  of 
power  is incident on the receiver, and the sensitivity  is 
about 1.5 mV/&,  which  is  also a factor of two from 
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the shot-noise limit [ 14,  261. Electro-optic sampling using 
a dye  laser and  the external prober has  achieved a 
sensitivity  of  several mV/& [22], which  is further from 
the shot-noise limit. 

It is  clear from Equation (21) that the signal-to-noise 
ratio is enhanced by  using the narrowest  possible 
bandwidth B for the data acquisition electronics. One 
way to accomplish this is the use  of  signal-chopping 
techniques and subsequent data processing  with  phase- 
sensitive electronics [4, 1 1,  151. By chopping at a high 
enough frequency, it is  also  possible to translate the 
frequency  of data processing  above the low  frequencies 
where  excess  laser  noise  can  be  significant.  Alternatively, 
the  data can be collected in a narrow band around the 
offset frequency Af [ 14,  261. This works well for diode 
laser  sources  which  have little excess  laser  noise. 

The linearity of the measurement depends on the 
optical bias and  the sensitivity, and has been  discussed  in 
detail by Kolner and Bloom [ 1  1,  121. At the quarter-wave 
bias point and for an operating sensitivity  of 20 pV/&, 
the electro-optic  probe  signal  is linear to within a 
deviation of 1 O-, over a range  of 140 dB. 

Invasiveness 
For direct probing experiments, but also in the hybrid 
sampling case, the creation of  free camers by absorption 
of the probe  beam  is a potential cause of invasiveness. 
The probe  beam  wavelength  is  chosen to be  longer than 
the band edge  of the substrate to minimize carrier 
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generation by direct band-to-band absorption. However, 
direct absorption by impurities and free carriers is 
possible. The further the probe wavelength from the band 
edge, the smaller is the absorption due to impurities. 
Thus, a probe wavelength  of 1.3 pm  is acceptable for 
GaAs substrates (band edge at 0.89 pm), as is the 1.06- 
pm  wavelength produced by Nd:YAG  lasers. For a GaAs 
substrate moderately doped to a level  of 1 x 10’’ cm-,, 
the free-carrier absorption at 1.3 pm is 1 % in a 200-pm 
length [33], which may begin to be significant. 
Fortunately, many high-speed  devices are fabricated on 
semi-insulating substrates, and  the thickness of doped 
regions  is very small. For an external sampler made from 
LiTaO,,  which  is  used  with a dye  laser  with a wavelength 
near 0.6 pm, the absorption edge  is near 0.3 pm, so direct 
absorption and impurity absorption are not a problem. 

Nonlinear optical effects should also  be considered. 
Generation of  free camers by two-photon absorption 
becomes a problem  when the probe beam becomes too 
intense. For GaAs, the two-photon absorption coefficient 
is -20 cm/GW  at 1.06-pm fundamental wavelength [34], 
so to avoid excessive carrier generation, the probe beam 
peak intensity should be limited below 100 MW/cm2. 
The inverse electro-optic effect  will produce a dc voltage 
by optical rectification in electro-optic materials. For an 
intensity of 100 MW/cm2, this effect may produce about 
50 pV in a transmission-line structure on GaAs [ 161, 
which  is  small compared to signals to be measured and 
can  also be discriminated against by phase-sensitive data- 
collection techniques. 

Capacitive loading is a potential problem for the 
external probing scheme.  Because the external crystal of 
LiTaO, has a large dielectric constant ( E  - 45), it will 
disturb the electric  field in the half plane above the IC 
being  tested and may  affect the operation of the  DUT. 
Placement of a LiTaO,  crystal  above a coplanar 
waveguide transmission line on a silicon substrate has 
produced a propagation delay but no measurable 
distortion (on  the - 1 -ps time scale) for a short electrical 
pulse [ 171. The possible  effects  of  close placement of  such 
a large-dielectric material in the vicinity  of a transistor or 
other active device remain to be studied. 

Crosstalk 
The electro-optic modulation of the probe beam  is 
proportional to the difference in potential between the 
front and back  surfaces  of the electro-optic substrate in 
both the longitudinal and transverse probing 
configurations. The potentials are due to the electric 
fields emanating from all contacts on  the  DUT, not just 
from the contact being  probed. Thus, if the field from a 
nearby line is  sufficiently strong at  the spatial position of 
the probe beam, the signal from the nearby line will also 
be sampled by the probe beam. This leads to electro-optic 
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crosstalk,  which  may  exist  even  when there is no 
electrical  crosstalk on the device. 

Figure 8 [ 2  I]. Figure 8(a) shows the layout of a section of 
a GaAs IC with four contact lines: QB and CK are active 
signal and clock lines, respectively, and  GND  and VDD 
are ground and 2-V bias supply lines,  respectively. The 
IC  is  packaged and therefore is probed from the  front 
side  [geometry 4(b)] at four positions, labeled b-e in 
Figure 8(a). The waveforms measured at these positions 
are shown by curves (b)-(e)  in Figure 8. Curve (b) shows 
a 1 -GHz sine  wave,  which represents a 10 10 10 . . . data 
stream at 2 GHz  that is present on QB. Curve (c) shows a 
2-GHz sine wave which is the clock  signal on CK. For 
both curves (b)  and (c), the probe beam is positioned 
between the active line being probed and an inactive 
(that is, constant-voltage) line. Curves (d)  and (e) are 
obtained with the probe positioned between the two 
active lines, and the measured signals are a superposition 
of the signals carried by QB and CK, weighted more 
strongly by the closer  line. Thus, curves (d)  and (e) 
demonstrate electro-optic crosstalk. In the front-side 
probing geometry, crosstalk  is reduced by probing 
between active and inactive lines, rather than between 
two active lines. 

Crosstalk also arises in the back-side probing geometry 
[Figure 4(a)] because the back surface potential contains 
contributions from all (and especially the closest)  signal- 
carrying lines on the front side  [35]. Note that  in the 
back-side probing geometry, the potential of the front 
surface at the probe position is well defined,  because it is 
exactly the potential of the line being probed. The 
nonzero potential of the back surface is of the order of 
10% or smaller than the potential of the front surface, 
when the substrate is thicker than the width of the 
electrode on the front surface  [36], so the crosstalk  is 
expected to be  less than 10% of the signal. The nonzero 
potential of the back  surface  also  affects the calibration 
from the measured electro-optic signal to the inferred 
voltage on the line being probed [36]. Establishment of a 
ground potential on the back surface may eliminate the 
crosstalk and calibration problems in back-side probing 

The external probing geometry [Figure 4(e)] should 
show  crosstalk  effects similar to those for the front-side 
probing geometry, since the external crystal  (of 3m 
symmetry) must be placed  between contacts on  the front 
side of the DUT. Preferably, the crystal should be  placed 
between the active line to be probed and  an inactive line. 

An example of electro-optic crosstalk is shown in 

[ 131. 

4. Results 
In this section selected measurements of high-speed 
electrical  signals obtained by electro-optic sampling are 
presented. The results are classified according to the 
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excitation method and distinguished according to probing 
geometry. Results are presented for both analog and 
digital  devices. The results are neither exhaustive nor  in 
chronological order; rather, they are meant to be 
illustrative of the capabilities of the various embodiments 
of electro-optic sampling. More complete coverage  of the 
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variety of experiments performed with electro-optic 
sampling can be found in other reviews [ 15-  171. 

Optical excitation 
One early and continuing application involves detection 
of  very short electrical  pulses and level transitions 
generated by photoconductive switches,  using hybrid or 
external probing. For these  studies, a subpicosecond 
mode-locked  dye  laser was chosen to ensure the best 
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temporal resolution. The earliest demonstrations of 
electro-optic sampling involved optical excitation of a 
photoconductive switch  followed  by hybrid sampling 
using a LiNbO, sampler [4]. Subsequently, using a 
coplanar waveguide structure on a hybrid LiTaO, 
sampler and subpicosecond  pulses from a mode-locked 
dye  laser, the rise time of a different photoconductor was 
measured to be  0.46  ps, demonstrating that 
subpicosecond resolution was attainable [37]. To study 
the dispersive characteristics of various electrical 
waveguide transmission lines,  pulse shapes derived from 
photoconductive switches  were measured at various 
positions along transmission lines on normal [ 171 and 
superconducting substrates [ 17, 381, using an external 
sampler. Recently, the shape of an electrical  pulse 0.56 ps 
in duration (FWHM) produced by subpicosecond optical 
excitation of a CdTe-on-sapphire photoconductor has 
been  resolved  using external electro-optic sampling [39]. 
The measured  rise time was  0.49  ps and  the deconvolved 
pulse duration (FWHM) was 0.48  ps. 

Optical excitation and direct probing have  been  used to 
analyze on-chip waveforms and propagation delays in a 
GaAs test IC,  which  consisted  of a string of  20 inverter 
gates  [25]. In that work, the logic state of a gate in the 
string was changed  by optical excitation, from the front 
side  of the IC,  of an appropriate FET in the gate,  using 
frequency-doubled  pulses from a mode-locked  Nd:YAG 
laser (2 ps,  532 nm, 6 pJ).  Waveforms from subsequent 
gates in the string were measured by direct probing of the 
GaAs  IC from the back  side,  using  pulses at  the 
fundamental wavelength from the same laser. Figure 9 
shows data resulting  when  gate 10  was  optically  switched 
from  logical “0” to logical “1”. From the measurement of 
the transitions of downstream gates,  such  as those of 
gates 12-1 5 ,  which are shown in Figure 9, the 
propagation delays  of individual gates are determined. 
From the measurements [25], the propagation delays 
range from 72 to 78  ps,  with -3-ps uncertainty. Note 
that timing jitter is not a problem  in the optical 
excitation experiment, because the excitation pulse (532 
nm in this experiment) and  the probe pulse (1064 nm in 
this experiment) derive from the same initial laser  pulse. 

An example of the use  of optical excitation combined 
with  hybrid  electro-optic sampling is the measurement of 
the impulse response  of  very-high-speed photodiodes [24, 
40,411. The experimental arrangement for this 
measurement has been  shown in Figure 6. In the 
experiment of  Wang and Bloom  [40], the photodiode was 
bonded directly to the microstrip transmission line on  the 
hybrid sampler, which  was  fabricated  as a balanced 
microstrip line on a LiTaO, substrate. The photodiode 
was excited and the sampler was probed with  picosecond 
pulses from a mode-locked  dye  laser. Note that  the 
duration of the laser  pulse enters the measured signal 
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twice, and so can be deconvolved  from the data as the 
autocorrelation of the laser  pulse,  which can be measured 
accurately and independently of the electro-optic 
sampling  measurement. The measured  -3-dB  bandwidth 
of the GaAs  Schottky photodiode was 100 GHz, 
corresponding to  an impulse  response (FWHM) of 
5.4 ps  [40]. 

For optical communications applications,  InGaAs 
photodiodes,  which  are  responsive at 1.3  pm and 
1.55 pm,  are important. The impulse  response of the 
fastest  long-wavelength  InGaAs  p-i-n photodiode has 
been  measured  using  hybrid  electro-optic  sampling  [41]. 
The device  studied was a back-illuminated InGaAs/InP 
punch-through p-i-n  with an active  area of  150 pm2 and 
an intrinsic layer  thickness of 0.5 pm  [42]. The 
photodiode was mounted in a low-inductance  package 
and bonded  directly to the center  pin of a K connector 
(421. The photodiode package was connected directly to a 
hybrid  sampler,  which  consisted of a 5 0 4  microstrip 
transmission  line on a GaAs substrate, which  was in  turn 
connected to the bias T for the photodiode. Thus, the 
response  could  be  measured  free of the parasitics of the 
bias  T.  Excitation and probe  pulses  were  derived  from a 
mode-locked  1.3-pm  InGaAsP  external-cavity 
semiconductor laser, which produced  pulses of - 1 1 -ps 
duration. The measured  electro-optic  response of the 
photodiode and its  deconvolved  impulse  response are 
shown in Figure 10. The width (FWHM) of the impulse 
response  is  less than 9 ps. The deconvolved  frequency 
response  is  shown in Figure 11. There are ripples of 
magnitude 2 dB, and the -3-dB bandwidth is 67 GHz. 
From a circuit  analysis of the mount used in these 
measurements,  it  appears that parasitic inductance and 
capacitance limit the bandwidth [41]. 

Electrical excitation 
Most  of  the application of electro-optic  sampling to the 
investigation of ICs has  involved  direct  sampling of 
electrically  driven  GaAs-based ICs. The first  results  for 
direct  probing of GaAs ICs were reported in 1985  for 
analog [8] and digital [9] ICs. In the many  subsequent 
studies,  waveforms at internal nodes,  propagation  delays 
of individual  FETs or logic  gates, and the direct 
frequency-domain  response at various internal nodes 
have  been  reported  for  both  digital and analog ICs. Some 
highlights are presented below. 

electro-optic  sampling  has  been an 18-GHz static 
frequency  divider  [43]. The frequency  dividers  [44] were 
implemented by either capacitively enhanced logic  (CEL) 
or buffered  FET  logic  (BFL), and were fabricated  with 
0.2-pm-gate-length  MESFETs. This divider circuit 
contains a biphase  clock  master-slave  D-flip-flop  design, 
with the output of the slave  fed  back to the D input of 

The highest-clock-frequency  digital IC studied by 
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the master. The IC was sampled  using a mode-locked, 
pulse-compressed NdYAG laser and an on-wafer 
probing station [ 151. Sampled  waveforms from the CEL 
divider, operating at 12.1 GHz, are shown in Figure 12. 
The waveforms  shown are the clock, the e output of the 
slave, and the Q output of the master. The critical  delay 
that determines the maximum toggle frequency of the 
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flip-flop is the longer of the two  delays  between the rising 
edge (50% point) of the clock and the rising or falling 
edge of the master Q waveforms.  These  delays are 20 ps 
and 28  ps,  respectively, as shown in Figure 12. Thus, the 
maximum toggle frequency  is  predicted to be (~TJ", 

where T,, is the critical  delay,  which corresponds to 17.9 
GHz. Conventional electronic measurements on this IC 
suggest a maximum toggle frequency of  17.8 GHz, in 
good agreement  with the results obtained by electro-optic 
sampling. 

A detailed  analysis was performed of a  packaged planar 
GaAs  decision circuit, whose function is to amplify data 
with  respect to a  logic  threshold and to synchronize it  to 
a  reference  clock  signal  [21]. The circuit was fabricated 
using GaAs enhancement/depletion-mode n-channel 
MESFET  technology. The circuit was probed  using 
pulses  from  a  gain-switched InGaAsP laser  (-22-ps 
duration) synchronized to electronic  excitation of clock 
and data input signals.  Because the device  is  packaged, 
the front-side  probing  geometry was  used. A schematic of 
the decision circuit is shown in Figure 13. Data are 
amplified in the input amplifier,  which contains three 
FETs, and synchronized to the clock in the D flip-flop. 
The circuit was evaluated  with  a  2-GHz  clock  frequency, 
and the data  input was a  1-GHz sine wave (simulating a 
1010 . . . data pattern); the laser  was driven at 1 GHz 
minus a  1-kHz offset. Waveforms in  an R/S flip-flop, 
which  is internal to the D flip-flop, are shown in Figure 
14. When the reset (R) pulse is high, the flip-flop output 
(Q) switches  low;  when the set pulse ( S )  is high, Q 
switches  high. The set and reset  pulses are synchronized 
to the clock, so Q has a fixed  phase  with  respect to the 
clock. The non-idealities in the waveforms are apparent. 
Nevertheless, the output pulse  derived  from Q is  properly 
square in shape [21]. Propagation delays in each of the 
three FETs in the input amplifier were measured by 
applying  pulses from a comb generator to the data  input 
at a  1-GHz rate; results are shown in Figure 15. The 
comb generator produced  two  pulses, the second of 
which saturated in the amplifier. The measured 
propagation  delays for the three amplifiers were  29 f 5, 
18 f 2, and 29 f 3 ps, for  stages 1 to 3, respectively. The 
response  of the first FET has  also  been  measured  directly 
in the frequency domain, using  a  microwave spectrum 
analyzer in place  of  a  signal  averager for the data 
acquisition  electronics  [23]. The measured  response, 
which has  a -3-dB frequency of 4 to 4.5 GHz, is shown 
in Figure 16. 

High-speed  analog  ICs  have also been studied using 
electro-optic  sampling. The signal propagation, frequency 
response, and distortion characteristics of GaAs  MMIC 
multistage  traveling-wave  amplifiers  (TWAs)  have been 
characterized  using direct probing and a Nd:YAG  laser- 
based  system  [20]. For these  experiments,  frequency- 
domain measurements were performed to determine the 
small-signal  frequency  response, and time-domain 
measurements were performed to measure waveform 
distortion. The small-signal transfer function measured at 
the gate  for  stages  2-5  of  a  five-stage microstrip TWA  is 
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shown in Figure 17. The measured  responses were fitted 
to simulations, resulting in accurate evaluation of the 
circuit parameters [20]. From measurement of the small- 
signal  response of the drains at each  gate and from the 
distortion of  large  signals,  propagation and interference 
between  forward- and backward-traveling waves  were 
observed.  Electro-optic  sampling techniques clearly 
facilitated the evaluation of these TWAs. 

The temporal resolution  afforded by electro-optic 
sampling  has  recently  been  dramatically  tested by 
measurement of  shock  waves produced on nonlinear 
transmission  lines  fabricated on GaAs  [45]. The 
nonlinear transmission  line converts a  10-GHz  sinusoidal 
input to an asymmetric waveform  with  a  very  fast  fall 
time. By directly  probing the device  with  a NdYAG- 
based  electro-optic  sampling  system, the fall time of the 
shock  wave  was  measured to be  2.5  ps. The system 
resolution was - 1.9 ps,  so the fall time of the electrical 
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1 Small-signal frequency response for successive gates in a five-stage 
distributed TWA. Devices  are numbered in order of propagation 

f for  the  forward  wave.  From [20], reproduced  with  permission; I 0 1986 IEEE. 

Thus far, the examples  presented  have  used direct 
probing  of  GaAs ICs.  An InP-based  IC  has  been  analyzed 
using  a  gain-switched InGaAsP laser diode probe [32]. 
The circuit was a  two-stage InGaAs/InP MESFET 

shock  wave  was deduced to be 1.6 ps. inverter, with the output of the first FET connected to 157 
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Waveform of I-GHz clock signal internal to silicon NMOS 12-bit 
1 multiplexer circuit, measured by external electro-optic sampling. 
I Courtesy  of J. A. Valdmanis,  Ultrafast  Science  Laboratory, 
1 University of Michigan, Ann Arbor, MI. 

the gate  of the second  FET.  Propagation  delays, 
measured by driving the gate of the first  FET  with a pulse 

J.  M. WIESENFELD 

from a comb generator, are shown in Figure 18. The 
propagation  delays  of the first and second  FETs were 
15 k 4 ps and 33 k 4 ps,  respectively. The electro-optic 
probe  works as well in this InP-based  IC as in GaAs ICs 
because the electro-optic r41 coefficient of InP [46] is 
equal, to within lo%, to  that of  GaAs. 

Direct  probing  geometries  have  been much more 
widely applied to electrically  excited DUTs because  such 
DUTs have  been  ICs, predominantly fabricated on GaAs 
substrates.  Hybrid  probing  has  been  applied to measure 
fast-output waveforms  from  small  packaged  devices such 
as comb generators [26, 271. 

External  probing  has  recently  been  used to evaluate 
internal waveforms in a GaAs  selectively  doped 
heterostructure transistor (SDHT) prescaler  circuit  [47] 
and in a 1.7-Gbit  silicon  NMOS  12-bit  multiplexer 
circuit [ 171. The external prober was fabricated of 
LiTaO, , and subpicosecond  pulses from a mode-locked 
dye  laser  were  used for the probe  pulses  [22]. The GaAs 
SDHT circuit was driven by electrical  pulses  produced by 
a fast photodiode excited by pulses from the dye  laser, 
which  were coupled to the input of the circuit. 
Waveforms  were  measured at various internal nodes in 
the prescaler circuit, and propagation delays  were 
deduced. Crosstalk and circuit loading  were  also  observed 
in the measurement [ 171. The silicon multiplexer circuit 
was driven by an  input sinusoid  synchronized to the 
tenth harmonic of the - 100-MHz repetition rate of the 
passively mode-locked  dye  laser. Synchronization was 
achieved  by converting an electrical  pulse train, generated 
by a photodiode monitoring the dye  laser  pulse train, 
into a sinusoid  which then served as a reference 
frequency  for a synthesizer that drove the circuit. The 
timing jitter  in this arrangement was  -2 ps [31]. The 
1 -GHz  clock  signal  measured internally in the silicon 
NMOS  multiplexer is shown in Figure 19 [ 171. Although 
many  aspects of external electro-optic  probing must be 
clarified, it is  capable of measuring  waveforms internal to 
silicon ICs, as the results of Figure  19 demonstrate. 

Combination of electro-optic sampling with charge- 
density probing 
Optical  probing techniques that are sensitive to free- 
carrier densities in active  devices, as opposed to voltage, 
have  been demonstrated [48, 491, but are less  well 
developed than electro-optic  sampling.  However,  such 
techniques can yield information complementary to that 
obtained by electro-optic  sampling.  Two  recent 
experiments in which a charge-density  probing technique 
has  been  used in combination with  electro-optic  sampling 
are described below. 

Voltage and charge-density measurements were made 
optically on a reverse-biased GaAs Schottky diode using 
electro-optic  sampling and  an interferometric charge- 
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sensing technique, respectively  [50]. The charge-sensing 
technique [48] relies on changes in the refractive  index of 
the DUT that are caused by variations in free-camer 
density internal to the DUT. Free camers affect the 
refractive  index  via  plasma,  Burstein-Moss, and Franz- 
Keldysh  effects  [50, 5 11. For silicon DUTs, the plasma 
effect  is the dominant contribution, while  for  GaAs 
DUTs the plasma and Burstein-Moss  effects are both 
significant. The free-camer-induced changes in the 
refractive  index are detected by interferometry: The 
probe  beam  is  divided into two  beams, one of  which 
passes through the active  region  of the DUT in which the 
carrier density is  varying; the other passes through an 
inactive  region. The two  beams are recombined after 
interrogating the DUT. Refractive  index  changes  produce 
phase  changes in one beam, which can be  converted to 
intensity  changes in the recombined  probe  beam by 
analyzing the polarization state of  the  recombined probe 
beam [48]. In this way, changes of camer density can be 
determined. Keller et al. [50], using this charge-sensing 
technique, have  measured the charge in a GaAs  Schottky 
diode as a function of applied  voltage.  They  have  also 
measured the internal voltage  across the Schottky  diode 
as a function of applied  voltage  using  electro-optic 
sampling. The combination of both techniques permits 
an internal measurement of the C- V characteristics of a 
DUT. They  also  observed a modulation of the measured 
charge-sensing  signal  with  applied  voltage  from  which the 
depth of the depletion layer in the device as a function of 
applied  voltage  could  be determined. 

The second  charge-sensitive  optical  probing technique 
is  phase-space absorption quenching (PAQ) [49]. PAQ  is 
applicable to devices  based on quantum-well (QW) 
structures, such  as modulation-doped FETs (MODFETs). 
In this technique, the optical  probe  beam monitors 
changes  in the absorption that occur in the QW in the 
gate channel when  free  carriers are present.  Free camers 
in the conduction band reduce the absorption by  filling 
the upper states of the appropriate optical transitions. 
The fractional modulation of probe  beam intensity can 
be as large  as  2-4%  for a device containing a single 
quantum well (49, 521. The technique has  been  applied 
to measure camer distributions in the gate channel as a 
function of voltage  applied to an InGaAs/InAlAs 
MODFET [52, 531, and to measure  high-speed 
(gigahertz-frequency)  waveforms in the MODFET by 
probing in the gate channel [54]. Internal propagation 
delays  were  measured  for the InGaAs/InAlAs  MODFET 
by applying a short electrical  pulse  from a comb 
generator to the gate  electrode, and measuring  voltage 
waveforms under the gate and drain electrodes by electro- 
optic sampling (direct probing of the InP substrate) and 
charge  density in the gate channel by PAQ  sampling. The 
results of this measurement are shown in Figure 20 [54]. 
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~ permission. 

The delay  between the voltage  pulse on the gate  electrode 
and the PAQ  signal,  which  measures the appearance of 
charge in the channel, is 11 ps. The overall propagation 
delay  from  gate to drain is 15 ps. The 1 1-ps  delay  for the 
appearance of the PAQ  signal  represents the charging 
time for the channel. The combination of  charge- and 
voltage-sensitive techniques used in this study [54]  allows 
detailed  investigation  of the internal dynamics of very- 
high-speed  devices  using  optical  probing techniques only. 

5. Concluding remarks 
Electro-optic sampling is a voltage-sensitive  probing 
technique capable of measuring  electrical  signals  with a 
temporal resolution below 1 ps and noninvasively 
sampling  waveforms internal to ICs. The demonstrated 
sensitivity  is  below 1 mV/&. As shown by the 
examples  presented  above,  electro-optic sampling has 
many embodiments and is  therefore quite versatile.  In 
particular, it has  been  applied to the evaluation of 
discrete  devices,  packaged ICs, and ICs in wafer form. 
For evaluating  GaAs or InP ICs, direct sampling appears 
convenient and has  been  used  successfully. Ultimately, 
the temporal response  for direct sampling will  be limited 
by the optical transit time effect, which,  unless the 
substrate is  specifically thinned, will be about 1-2  ps. For 
evaluation of silicon ICs, direct electro-optic sampling is 
impossible.  External  sampling  may  become a viable 
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technique for evaluation of silicon  ICs, but needs further 
development. Most  likely, a longitudinal electro-optic 
crystal will  be  used for external sampling to reduce 
potential crosstalk and calibration problems. 

All techniques and measurements discussed in this 
paper involve some type of signal  averaging  of repetitive 
waveforms. This is  necessary  because the fractional 
modulation of the probe beam produced by - I-V signals 
via the electro-optic effect  is - m 4 .  It is desirable to 
probe the DUT as it is  exercised  with random or 
pseudorandom inputs. This will require real-time 
probing, which requires enhanced sensitivity. To achieve 
enhanced sensitivity, more probe power or a limitation 
on the bandwidth of the processing electronics is 
required. The latter option effectively means that for real- 
time probing, the DUTs must operate at lower-than- 
gigahertz frequencies. To overcome this limitation, a real- 
time probing configuration, in which only selected 
instants of the waveform, rather than  the entire 
waveform, are measured, might be  possible. 
Alternatively, measurements of short-pattern repetitive 
waveforms can simulate the operation of the DUT with 
random data  and will be  sufficient for characterization. 

Voltage calibration from the measured electro-optic 
signal is a topic that needs further investigation. The 
electro-optic signal will depend on the potential 
difference  between front and back  surfaces of the 
sampling substrate at  the position of the probe beam. The 
exact potential distributions will have contributions from 
all contacts on the DUT and may require detailed 
modeling of the electric  field to relate the electro-optic 
signal to  the voltage at the test point. It will be important 
to develop “rules of thumb”  that can convert general 
geometric features of the DUT into approximate 
calibration factors. 

In spite of these difficulties, electro-optic sampling 
shows  great promise as a high-speed measurement 
technique that can be  used to characterize both discrete 
devices and ICs. It has already achieved notable success 
and has  been  used to evaluate a variety  of  devices. 
Electro-optic sampling can reasonably be expected to be 
of  significant assistance in  the ongoing development of 
electronic devices. 
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