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Evaluation of Defect-Related Diffusion in 
Semiconductors by Electrooptical Sampling 

Paul D. Biernacki, Henry Lee, and Alan R. Mickelson, Senior Member, ,‘EEE 

Abstract- The electrooptical sampling technique is used to 
assess the electrical behavior of Ohmic contact regions in GaAs. 
For this purpose unique Ohmic contact coplanar waveguides were 
fabricated and tested. A reduced electrooptical sampling signal is 
detected in certain Ohmic contact regions. Since the electrical 
fields present in this device are known U priori, the deviation of 
the electrooptical signal from its nominal value is attributed to 
a deviation in the electrooptical coefficient. Defects introduced 
during the annealing step of the Ohmic contact accelerated by 
existing dislocations are discussed as a mechanism capable of 
disrupting the electrooptic coefficient. A simple phenomenological 
diffusion model is presented to explain the mechanism responsible 
for the nulling of the electrooptical coefficient. 

I. INTRODUCTION 

HERE have been many techniques employed to observe T semiconductor defects. Among these techniques are laser 
scanning, laser scanning tomography, catholuminescence, pho- 
toluminescence, X-ray topography, and many variations of 
these methods [1]-[6]. The goal of defect recognition is not 
only to circumvent processing of a seriously defective sub- 
strate, but to also determine what seriously defective means. 
An open question is how do defects influence semiconductor 
properties and how can their deleterious effects be minimized. 
To answer these questions, one must know how accurately 
these defects can be observed, what effects they manifest on 
the semiconductor properties, and of course, how expensive it 
will be to minimize certain defects through heat cycling, etc. 

Defects will affect device performance. In particular, there 
have been studies demonstrating the correlation between de- 
fects present in the wafer and their influence on device 
performance. A correlation between microprecipitates and the 
side gating effect (or crosstalk perturbations) on field effect 
transistors (FET’s) has been studied [7], [8]. This study 
indicated that small microprecipitates and dislocations can be 
observed and that their presence directly influences device 
behavior. Other studies revealed that dislocations in GaAs 
wafers have been found to influence the threshold voltage of 
FET’s [9] and affect the sheet carrier concentration [lo]. 

Defects are always present in the bulk grown process 
regardless of process used for growth (LEC, etc.). Recently 
it has been shown that “memory” of defects exists in epi- 
layers grown on the substrate [ l l ] .  That is, regions with 
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high defect density in the substrate will cause regions grown 
above these regions to also exhibit high defect densities. An 
important feature of defect rich cryst il regions is that diffusion 
can occur rapidly through these deject sites [12]. Therefore, 
if dislocations or other defects are present in the substrate, 
subsequent processing steps in epitaxial regions above the 
defect regions could be affected. V i s  will be especially true 
in the fabrication of an Ohmic contact. The diffusion profile 
below the electrode occurring during this processing step can 
be affected by existing dislocations and defects present in 
the substrate. Metals used in the €ormation of the Ohmic 
region can be diffused to much grez ter than expected depths, 
therefore, during the annealing process. Indeed, Fillard [ 121 
has shown that there is a rapid variatl on in the diffusion profile 
below an Ohmic contact and that a significant defect density 
of microprecipitatjes has been found as deep as 10 pm below 
the contact with a density of 

Electrooptic sampling can be usec to noninvasively sample 
the in situ electricail fields of a variety of monolithic microwave 
integrated circuits (MMIC’s) [131-[17]. The technique uses the 
local electrooptic coefficient to modL late the test optical pulse. 
More precisely, a local electric fielc 1 induces a birefringence 
in the test electroloptic circuit substrate. The rotation of the 
plane of polarization is proportiona to circuit voltage when 
the electrooptic coefficient is constant. The technique has been 
used successfully for testing numero i s  digital IC’s and analog 

In this work, we use optical sarrpling to assess the elec- 
trical characteristics of the crystal material located directly 
below Ohmic contacts. In particular, the electrooptic sampling 
technique is used to noninvasively determine the electrical 
behavior of Ohmic contact regions in GaAs. The standard 
technique [24] for forming an Ohmic contact on a n+ doped 
region in GaAs uses a mixture of AuGe-Ni-Au for the elec- 
trode formation. The Ohmic process possesses a complicated 
morphology. This diffusion mechanic :m may cause unexpected 
behavior in its crystal properties. For instance, diffusion of 
a Au-Ge-Ni-mixiture behaves diffei ently than the individual 
diffusion of the metals if they are ir troduced separately [25]. 
Further complication arises because the local crystal defects 
that have grown through the epi1ayc:rs generate non uniform 
migration of clusters of atoms during the Ohmic formation 
step [121. 

Since the electrooptic sampling sijpal is proportional to the 
integrated electric field between the iront and back surfaces of 
an electrooptic crystal (when a field is applied) weighted by an 
electrooptic coeffilcient such as ?-41 i i  GaAs, any deviation in 

0ls ~ r n - ~ .  

MMIC’S [18]-[23]. 
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the electrooptic coefficient from its nominal value will affect 
the results of the electrooptic sampling measurements. If the 
defect density introduced into a crystal during contact forma- 
tion becomes high enough then a disruption in the crystal may 
be severe enough to affect the electrooptic coefficient. Thus, if 
the electrooptic coefficient is influenced by a cascade of defects 
introduced into the substrate then the electrooptic coefficient 
can be modeled as an activation energy dependent profile 
based on this diffusion. This will allow a spatially varying 
electrooptic coefficient to modulate the detected optical signal 
revealing regions where high density defects exists. 

This paper is organized as follows. Section II will discuss 
the coplanar waveguide (CPW) device tested as well as 
elucidate some of its electrical properties. This section will 
also discuss why a CPW test device was chosen. Section 
I11 will discuss the electrooptical sampling arrangement as 
well as address some the calibration issues and accuracy 
of the technique. Section IV will then discuss some of the 
results obtained using the electrooptic sampling apparatus 
and present a simple phenomenological model based on a 
diffusion mechanism to explain the measured results. Finally, 
the conclusion section will review these results. 

Ohmic CPW 

Heavily doped Ohmic contact region 
e- 

Edpe vievy 

Heavily doped Oh-mic contact region 

- -  

Top view 
of transmission 

11. OHMIC COPLANAR WAVEGUIDE TEST DEVICE 

The device tested is shown in Fig. 1 and is a coplanar 
waveguide (CPW) device with an Ohmic contact introduced 
by metalization placed over a heavily doped n+ region in 
the substrate. The decision to use a CPW test device was 
based upon the CPW's well known electric field properties. 
The CPW test device was ideally suited for our electrooptic 
sampling measurement as well as provided us with other 
accurate testing measurements (such as network analyzer) to 
verify that the electric field and transmission characteristics 
were known a priori. It should be mentioned, however, that the 
lossy transmission lines were fabricated out of the remaining 
poor conductor material (the nS strip) to study the phase 
characteristics of lossy lines and to also verify the phase 
resolution of the electrooptic sampling technique. This work 
is not presented in this paper. 

Initially, the device consisted of a LEC grown wafer with 
two n+ epilayers grown on top. The first layer is a 2800 

epi-layer with a doping density of 2.1 . l O I 7  cm-3 and 
the second a 940-w n++ top epi-layer with a doping density 
of 3.9 - lo1' cmP3. Silicon (Si) was used as the dopant. 
Photoresist was applied in conjunction with a mask to pattern 
a region to be etched. Wet etching was used to remove the 
rz+ layers using a HzSO,(98%)/HzO~(30%)/HzO solution 
in the ratio of 1 : 8 : 1000, to leave only 100-pm-wide strips of 
n+ layers. The length of these strips varied from 300 to 2000 
pm. A new mask was then used to deposit the AuGe(SS%Au, 
12%Ge)-Ni-Au layer which was then brought to 420" for 
90 s completing the Ohmic CPW. This is obviously a very 
large Ohmic but is ideally suited for studying the effects 
of diffusion and how this diffusion affects the electrooptic 
coefficient. The final test device also consists of calibration 
test strips to calibrate on wafer s-parameter measurements. It 

Side view of conductor 

Fig. 1. Ohmic CPW test device 

will now be verified that the test device functions as a lossy 
transmission line. 

Generally, a transmission line can be represented by a 
lumped element equivalent circuit as shown in Fig. 2. The 
parameters defining this line are its resistance ( R ( w ) ) ,  induc- 
tance ( L ( w ) ) ,  capacitance (C (w) ) ,  and conductance ( G ( w ) )  
per unit length. The parameters R ( w ) ,  L ( w ) ,  G ( w ) ,  and C ( w )  
are in general frequency dependent. With this model for an 
equivalent circuit in mind two important characteristics of a 
transmission line are its characteristic impedance 2, and its 
propagation constant. These can be expressed as follows: 

(1) 

(2) 

In these quasi-TEM lines R ( w )  and G ( w )  usually represent 
loss where R ( w )  is due to the finite conductivity of the metal 
and G ( w )  is due to dielectric loss. The inductance ( L ( w ) )  and 
the capacitance ( C ( w ) )  are obviously the stored magnetic and 
electrical energy of the circuit and are not generally especially 
dependent upon frequency but are dependent upon the line 
geometry [26]. 

An HP8510 network analyzer was used in conjunction with 
a calibration program DEEMBED developed by Marks and 
William at NIST (to do on wafer calibration) to measure the 
electxical properties of the device [27]-[29]. These measured 

zo=/- R ( w )  + j w L ( w )  
G ( w )  + j w C ( w )  

Y = J(R(w)  + j w L ( w ) ) ( G ( w )  + P C ( W ) ) .  
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Fig. 2. Transmission line equivalent circuit. 
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Fig. 3. Transmission Line parameters of calibration strips. (a) Impedance 
of CPW line-measured versus Heinrich. (b) Propagation constants of CPW 
line-measured versus Heinrich. 

results are compared with computer program developed by 
Heinrich [26], [30], which takes into account metalization 
conductivity, thickness, and the dielectric substrate loss for 
CPW's. In other words the program takes into account the 
frequency dependence of R, G, and L; C is dependent only 
upon the geometry. The non-Ohmic test strips are very lossy 
due to the thin metalization (only about 1000 since liftoff 
was used to remove metalization on the devices). Fig. 3(a) and 
(b) show the comparison of this program with the measured 
calibration strips for the propagation constants and impedance 
of lines which used the same metalization as that found over 
the n+ strips. The conductivity used in the calculation was 
1.5 lo7 rather than the bulk value of 4 . lo7. It is expected 
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Fig. 4. Sparametera, of Ohmic CPW. 

that the conductivity would be lowe' for the evaporated metal. 
Excellent agreement is observed. S -parameter measurements 
confirm that the devices behave as very lossy lines. This was 
expected from the initial design of the CPWs since the n+ 
regions have significantly lower cc nductivity than the metal 
lines (0 = qpnn where 0 is the conductivity, q is the electronic 
charge, n is the doping density and, pn  is the mobility 
assuming all the dopant is ionizec and neglecting the hole 
contribution. 0 = l/(R,t) can also give the conductivity where 
R, is the measured sheet resistan1:e and t is the thickness 
of the doped layer). Fig. 4 shows some typical s-parameter 
measurements of an Ohmic transmi sion line compared to the 
design done by Hewlett Packard' s n licrowave design software 
(MDS). This particular CPW had a 700 pm n+ strip. The 
slight discrepanc!y is due to the frei pency dependence of the 
transmission line parameters (mostly R ( w ) ) .  

Transmission line theory was usel 1 to confirm that the fields 
of the CPW are actually known ( 1  priori. In a CPW, it is 
known that if a TEM wave is liunched along the center 
conductor of this device, then at a iy  point transverse to the 
direction of travel along the conductor, the field is constant 
along this transverse direction (as lcng as the sampled point is 
not close to the edge [13]). Therefore we are presented with 
a slightly different problem in her: than the usual problem 
of determining an unknown field distribution. Here, the fields 
are known. The detected signal, hokrever, is seen to vary with 
transverse dimension under some O F  the contacts which were 
sampled. Thus we are presented with the task of explaining 
this behavior. The importance of suiface roughness and etalon 
effects important to the calibration o F the electrooptic sampling 
technique will be addressed in the next section. 
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Fig. 5 Optical sampling substrate geometry. 

111. ELECTROOPTIC SAMPLING 

The principle of operation of the electrooptic sampling is 
to use a non-zero electrooptic coefficient of a noncentrosym- 
metric substrate (GaAs in our case) to polarization modulate a 
probe beam and then to analyze that probe beam such that the 
detected signal is proportional to the circuit voltage 1131-[16]. Phase and Amplitude Measurement 
The detected signal is then determined by the integrated 
electric field along a path normal to the surface as shown in 
Fig. 5. If the electrooptic coefficient is not uniform throughout 
the crystal, then the detected voltage can be expressed as 

Fig, 6. cpw conformal to determine electric fields, 

I det M V M rql (z, y, z)E,(s, y, 2) . dl (3) 

where E, is the normal directed field, dZ is the normal path, 
and ~ 4 1  is the electrooptic coefficient, which is now a function 
of position. 

Although the lines are quite lossy due to the finite con- 
ductivity of the metals, the fields underneath the electrode at 
any transverse location of the CPW can still be approximated 
by using the conformal mapping found in Smythe [31] and 
introduced by Wen [32] for finding the fields of CPW device. 
The mapping of the CPW into the interior of a rectangle is 
shown in Fig. 6 and the solutions are shown below 

100 KHz offset 
s 

(4) 

(5 )  

(6) 

The solution of the mapping is given by the Jacobi elliptic 
integral = Sn(w, k )  where k is the modulus. K ( k )  is the 
complete elliptical integral of the first kind. Now with this 
solution it would be merely an academic exercise to integrate 
the electric field along the normal path dl  if it were not for the 
addition of the now spatially varying electrooptic coefficient 
which needs to go inside the integral. 

The electrooptic sampling arrangement is shown in Fig. 7. 
The detection of the optical signal uses time domain tech- 
niques analogous to a sampling oscilloscope to heterodyne the 
electromagnetic signal and the laser pulse. In this case a mode- 
locked laser pulse with a repetition rate of 76 MHz and pulse 

E 
- I& Im (%) 
- X : ; k )  Re (2) Fig. 7. Optical sampling experimental arrangement. 

E 

dw 1 1 - - _ _  - 

width of ~ 1 0 0  ps is used as the probe beam. It interacts in 
the substrate with a high frequency electrical field having a 
frequency a multiple Of the laser repetition rate plus an Offset 
(of a 100 H Z )  to Produce an ac signal of 100 mz. which is 
an exact multiple of the high frequency electrical signal. The 
phase of the electrical signal can be recovered by either using 
a second synthesizer locked to the electrical signal which can 
be mixed down to the frequency of the detected optical signal 
to serve as a reference signal fed into lock-in amplifier, or, 
by deriving the reference wave from the laser pulse itself as 
shown in the set-up. It is important to note that this system 
must maintain synchronism between the electrical signal and 
the laser sampling pulse. The wave plates serve to properly 

dx Kl(k)  d(1- z y 1 -  22k2)' 
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Fig. 8. Etalon geometry. 

bias the probe beam so that maximum linear sensitivity is 
achieved. It should also be noted that the electrooptic sampling 
system provides two dimensional scans of the test device with 
position resolution of 1 pm. The spot size of the optical 
sampling probe beam is 10 jim. 

Although electrooptic sampling provides great sensitivity 
( p V / a ) ,  dynamic range (22 dB in GaAs), and is well suited 
to measuring the modulation of the test optical probe beam due 
to the local electrooptic coefficient, the detected signal requires 
careful processing. To accomplish this task, we have developed 
a calibration procedure for de-embedding the measured data 
which takes into account weak scattering and etalon effects of 
the substrate [13]. The success of this calibration procedure has 
been well documented for the fields of microstrip lines [13]. 
These calibration issues will be addressed. In particular the 
following issues will be addressed: 1) the thickness variations 
in the substrate, 2) the possibility of a spatially varying 
reflection coefficient, 3) the significance of a high backside 
reflection coefficient, and 4) scattering effects due to surface 
roughness. 

Our analysis is based on long optical pulses compared to 
the substrate transit tirne since our wafer is approximately 600 
pm thick and the sampling pulses are approximately 100 ps 
long. As previously stated [13] the optical probe beam enters 
an etalon formed by the CPW circuit giving a total reflection 
coefficient of 

(7) 

where r f  and rb are the effective reflection coefficients of the 
front and back surfaces of the GaAs substrate, and 4, is the 
round trip phase delay of the etalon. Fig. 8 shows the etalon 
geometry set up by the probe beam and the CPW test device. 
It should be noted, bowever, that the etalon formed has the 
laser beam at normal incidence. Writing ~ ( 4 , )  as 

r(40)  = lr(q5,)1e-,@(+o) (8) 

and using the notation as stated earlier [ 131, the signal in the 
receiver head can be generally expressed as 

(9) 

I& and Iff represenit the dc and IF receiver signal in the 
ideal case ( ~ ( 4 , )  = 1 t$+o@ = 1) and do not depend on 
the substrate parameters, but only on the applied electrical 

AC C a l i b r a t i o n  F e c t o r  (dB) 

1 .  
CALIBRATION FACTOR (dB) 3 [ \-- rb = . 9 5  

PHASE 

I 'U _ _ - -  

Fig. 9. AC calibration factors present due to the circuit substrate. 

field and the wave plate and crystal axes orientation in the 
sampling head. The term d@(40)/dqlo is defined as the partial 
derivative of the phase function @ 4,) with respect to $,, 
where 4, is the ]phase delay introtluced in the etalon. The 
detected signal is affected by an ovei2all factor of 1r(40)12 and 
the partial derivative factor 8@(4,), a&,. The factor 1r(40)12 
is the dc receiver signal which is mea ;ured during the sampling 
scans and depends on the average lotal effective reflectivity 
of the substrate. 'The partial derivalive factor is the wanted 
polarization rotatilon modulation gil ing rise to the ac signal 
but is also dependent upon the substrite parameters. The above 
factors will generailly be spatially de] ~endent. We have ignored 
a small scattering parameter which can reduce the effective 
contrast of the etalon and this will I.le justified shortly. 

Since the metalization affects the optical properties of the 
substrate, knowledge of the CPW' i fabrication will enable 
us to approximate the backside re flection coefficient. The 
front side reflection coefficient is a] )proximated as a smooth 
optical interface between air and GaAs and is given by 
( ~ G , A ,  - l ) / ( n ~ , ~ , +  1) M 0.565 since M 3.6. The 
metalization of the backside consist c f a 520 8, layer of Au-Ge 
followed by a 100 8, layer of Ni ard finally a 1000 8, layer 
of Au. The index of refraction of these metals are complex 
and are given as (n  = n, + i + n, .vhere i = G) n~~ = 
0.272 Si7.07, n ~ , ,  = 4.42 fi(0.123 1, and n ~ ,  = 2.85 Si5.10 
(for A = 1.06 pm) [33]. The Ge layer does not seem to 
affect the result to any significant d1:gree. Using a multilayer 
dielectric stack with complex indic1:s of refraction [34], the 
back side reflection coefficient of tlie GaAs metal boundary 
was determined to be lrbl M 0.95. The phase is just absorbed 
into the overall reflection coefficien . The importance of this 
high backside reflection coefficient is shown in Fig. 9 for 
Tb  = 0.95 and 'rb = 0.9. It is tlear from etalon theory 
that a higher backside reflectivity generally predicts a lower 
magnitude of correction necessary 'or the detected reflected 
electrooptic signall magnitude. Furth mnore, since the AC (or 
electrooptic signal) calibration factc r a@( I$,)/ I~& shown as 
a function of phase retardation in Fig. 9 does not have a very 
dramatic effect (because of this high reflection coefficient) 
the dc measured power may prove sufficient to calibrate the 
data. This dc average power correc:tion is possible because 
the etalon effects on the average dztected power also show 
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Fig. 10. Measured electrooptical data of Ohmic CPW line. (a) Raw elec- 
trooptic sampling detected voltage. (h) Average optical detected Power-used 
for calibration. (c) Scanning area under CPW line. 

up in the same manner in the detected electrooptic signal. 
Thus, the influence of the etalon is manifest by resulting in a 
lesser power in the average signal and this in turn also reduces 
the electrooptic signal by a roughly proportional amount. It 
should also be noticed that away from the resonance peak 
(away from where the relative phase is zero) the ac calibration 
is not significant. Additionally, if the scan was done on a 
relatively flat region (which DEKTAK measurements indicate 
in this case) then there would generally not be much calibration 
involved except for an absolute value factor. Although one 
would expect scattering from the Ohmic surface, it is primarily 
Rayleigh scattering and such high angle scattering is not 
detected by the detector anyway. To justify our calibration we 
refer to Fig. 10. The sample is scanned twice along the center 
conductor with the sampling points placed in increments of 
30 pm apart. Fig. 1O(c) shows the scanning region. Fig. 10(a) 

Fig. 11. Calibrated electrooptical sampling data. 

shows the electrooptic signal and Fig. 10(b) shows the average 
optical detected power. It should be noted that the roughness in 
surface is present in the non Ohmic overlapping metal regions 
also. The pure n+ regions are obviously smooth. Trial 2 is 
the same as scan 1 except that the probe beam is moved 10 
mm transversely to the scan in trial 1. The two scans should 
be identical. Normalizing the detected electrooptic signal to 
the average optical power appears to calibrate the data quite 
effectively. This is shown in Fig. 11.  This fact is further 
evidenced in noting that the raw data variations precisely 
mimic the average power variations. Also, if the average 
power is constant (indicating very little substrate thickness 
variation) then the ac calibration factor should not be affected 
much either since this calibration factor is highly dependent 
upon these thickness variations. Finally, there could exist a 
spatially varying reflection coefficient that would complicate 
the data even more since there are not enough known factors 
to calibrate this effect However this effect would also show 
up in the dc power scan and therefore it is still possible to 
provide an accurate calibration. Fig. 10 also demonstrates the 
repeatability of the data. After completing the initial scans of 
the test device, the computer control reset the position of the 
scanning and the entire experimented was repeated to verify 
the data was not anomalous. This experimental procedure was 
used on every device tested and no significant anomalous 
behavior due to experimental error was ever found. 

Electrooptic sampling results are sensitive to the electrooptic 
coefficient. Therefore, lattice disruption (disordering) severe 
enough to affect the electrooptic coefficient will be observed. 
Since diffusion has been seen to occur under Ohmic contacts 
[12], a diffusion model seems appropriate to explain how 
lattice disruption can take place. Accurate diffusion modeling 
is complicated. Implanting Si as a dopant (Si was used as 
our dopant) already has caused impurity induced disordering 
(IID) [35]. The model to be discussed here will therefore be 
somewhat qualitative in nature. This simple model describes 
how diffusion may affect the electrooptic coefficient. 

In volumes where a significant amount of microprecipitate 
diffusion has taken place, it is safe to assume the lattice is 
disrupted. It might prove useful to compare the integrated 
electric field (between the front and back surfaces of the circuit 
substrate) weighted by a constant electrooptic coefficient to 
that of the integrated electric field (voltage) when the elec- 
trooptic coefficient is totally disrupted some known distance 
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Deviation in electrooptic signal versus depth of nulled electrooptical 

below the contact to estimate the order of the effect which 
would be measured. This is shown in Fig. 12. Although this 
is a simple model it should be sufficient for at least order of 
magnitude type calcul1ations. The electric fields used are for 
a CPW device and the probing beam size is assumed to be a 
delta function like beam spatially. In this figure the amount 
of deviation from the ideal voltage signal (in dB) is plotted 
as a function of the depth from the electrode surface which 
has had its electrooptic coefficient totally nulled. For example, 
if in the first 10 m below the device has a zero electrooptic 
coefficient, then the detected voltage signal would be down 
-3 dB from its ideal non affected electrooptic coefficient. 
With a disrupted electirooptic coefficient extending 20 pm into 
the substrate below the contact electrodes would result in a 
-5.5 dB reduction in the detected signal. We can compare 
this resulting variation in signal with that of the measured 
data shown in Fig. 113. Fig. 13(a) and (b) shows the raw 
data of an electrooptic scan of a CPW test device. Fig. 13(c) 
shows the area scanned. It can be seen in this case that the 
average power along the n+ and Ohmic regions are very 
constant. This is generally true for very small scan regions. 
Therefore no real calibration is necessary here (except for an 
absolute value correclion). Since the high backside reflection 
coefficient is still present and the average power is relatively 
constant, the anomalous behavior is due to the variation in 
the electrooptic signal. This variation, furthermore, is likely 
due to the Ohmic contact's influence on the electrooptic 
signal. Here the scanning sampling points are 10 bm apart 
longitudinally. A maximum variation of ~8 dB is observed 
along the transverse location of the transmission line when 
present in the Ohmic region. Trials 1,2, and 3 are all along the 
center conductor except spaced 5 mm apart in the transverse 
direction. Since the signal should remain constant at any 
identical transverse location on the CPW this perturbation is 
due to the electrooptic coefficient and not the applied electric 
field. This 8 dB variation would correspond to the nulling of 
the electrooptic coefficient down to a depth of approximately 
30 pm. This seems hiigher than one might expect but it is the 
extreme case measured (of 20 devices fabricated) and gross 
dislocations in the substrate could account for this behavior. 
Consideration of our diffusion model will now be addressed. 
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Fig. 13. Measured electrooptical data in thc Ohmic region of a CPW line. 
(a) Raw E-0 sampling data. (b) Average optic a1 detected power. (c) Scanning 
area under CPW line 

The electrooptic signal is given as in (3). Ignoring the spatial 
extent of the probing beam (the ovei lap integral of the 10 pm 
beam will result in a slightly smaller detected perturbation in 
the signal but to avoid unnecessary complicated expressions 
will be ignored) t'he detected signal can again be written as 

Ide t  M V M /~41(z ,y , r lE , (z ,y ,z )  +dZ.  (10) 

It was just demonstrated that a direct nulling of the electrooptic 
coefficient below the CPW electroc le can alter the sampling 
signal significantly if this destruc ion occurs over several 
microns. If the electrooptic coeffic ent (~41) is modified by 
a diffusion process then this diffusion could explain why our 
detected signal deviates from the sxpected. A simple one- 
dimensional model based on Fick's law of diffusion will be 
used [36]. Combining Fick's first and second laws gives the 
following equation and is used for the rate of concentration 
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impurities diffusing into the GaAs substrate (y direction): 

d N / d t  = a/ay[DaN/ay] (11) 

where in general the diffusion coefficient is dependent upon 
depth if it involves high impurity concentrations [36]. Here, 
N = N(y,t) is the concentration of impurities and D is the 
diffusion coefficient. However it was observed in Baeumler’s 
work [4] that defects can propagate through the epilayers 
to the surface. Using this assumption makes the diffusion 
coefficient constant as a function of depth, but will give the 
diffusion coefficient a spatial variation (depending where there 
are defects dictates its magnitude). Therefore, (1 1) becomes 

d N / &  = D(x, z)d2N/d2y (12) 

where D ( z , x )  possess spatial variation. If we solve this 
equation assuming a constant diffusion source the following 
solution is obtained: 

N(Y, t )  = N , W c [ y / ( 2 J D t ) ] .  (13) 

Here, N,  is the impurity and E r f c  is the complementary error 
function. Since our model is purely phenomenological, the 
meaning of No, N(y,t), and the diffusion coefficient should 
be discussed. The diffusion coefficient will assume to follow 
an Arrhenius behavior and is given by 

D = Do exp [- E ~ / ( l c T ) l  (14) 

where D, is the diffusion constant, k is the Boltzman constant, 
T is the temperature at which the diffusion takes place, and EA 
is the activation energy. High temperatures normally involved 
in diffusion models mitigate the sensitivity of the activation 
energy. However, in our model the activation energy is viewed 
as simply a defect activated energy dependent upon the defect 
concentration and is highly sensitive to small variations in the 
defect concentration. Additionally, since the diffusion constant 
is unknown these values need to be determined. Fig. 14 shows 
the variation of the diffusion N(y ,  t ) / N o  as a function of depth 
in mm for various diffusion constants and activation energies. 
There is dramatic effect on N ( y , t )  / N o  for different activation 
energies. The activation analogy corresponds to the ability of 
the presence of defects to rapidly increase diffusion below 
the electrode. However, the effect N(y ,  t ) / N ,  has on the 
disruption of the electrooptic coefficient needs clarification. If 
we assume that as long as N(y, t ) / N ,  exceeds some nominal 
value of 1% results in a volume with a greatly reduced 
electrooptic coefficient, then Fig. 15 shows that an activation 
energy of 1.3eV and diffusion constant of 10 cm2/s dictates 
that this volume extends to a depth of approximately 20 pm. 
Using this hard limit of 

results in agreement with our measured data. The assumption 
of the 1% rule generally refers to interstitial defects. The 
meaning of N(y, t ) / N ,  could be that if the precipitate defects 
are, for example, 100 n1n3 then they would need a density of 
1017cm-3 in order that N(y,t)/N, = 0.01. These numbers 
comparably agree with [12]. 

N/NO D i f f u s i o n  (N/No) f o r  Do=lcmA2/s 

Depth (urn) 

(a) 

N ~ N O  D i f f u s i o n  (N/No) for Do=10cmA2/s 

0 0 5  1 1.5 2 2 5  3 Depth (urn) 

(b) 

N/NO Dif fus ion  (N/No) for Do=100cmA2/s 

0 

4 2 5  Depth (urn) 

(c) 

Fig 14. Effectwe defect concentratlon Vs depth below Ohmic surface (a) 
Diffusion constant = 1 cm2/ s, EA = 1.3, 1.5, 1 7 eV (b) Diffusion constant 
= 10 cm2/s, EA = 13,  15,  1 7  eV (c) Diffusion constant = 100 cm’is, 
E A  = 13, 1.5, 1 7  eV 

IV. CONCLUSION 

We have presented the results of electrooptical sampling 
on unique Ohmic contact coplanar waveguides (CPW’s). A 
reduced electrooptical sampling signal was detected in certain 
Ohmic contact regions. This reduced signal is attributed to 
a nulling of the electrooptical coefficient. A mechanism con- 
tributing to the reduced electrooptical coefficient is presented 
and is based on a phenomenological model incorporating 
diffusion processes. This model takes into account defects 
introduced into the substrate during the annealing step of 
Ohmic contact fabrication that may be severe enough to 
disrupt the crystal properties that would result in a reduced 
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N/NO Diffusion (N/No) for Do=10cmA2/s 

&+ 10 DePth(um) 

Fig. 15. 
1.4 eV. 

Effective defect concentration for Do = 10 cm2/s, EA = 1.3 and 

electrooptical coefficient. This simple diffusion model uses a 
spatially varying activation energy based on the defect density 
and agrees with our results. It appears that electrooptical 
sampling can detect ai reduction of the electrooptic coefficient 
due to this diffusion process. Calibration issues concerning 
the electrooptical sampling technique are addressed and do 
not appear to effect the measured data significantly, 

It should be noted that we have used electrooptical sampling 
in a different manner than the usual procedure of determining 
unknown field distributions. Here, the fields are known but 
the electrooptic coefficient is seen to vary spatially below 
the Ohmic surface. This new application of electrooptical 
sampling could be used, for example, to possibly measure 
the electrooptic coefficient perturbation present in LiNb03 
waveguides when proton exchange (H+ ions) occurs or Ti 
in diffusion takes place. Furthermore, a low frequency ver- 
sion of optical sampling technique could be used for more 
expedient and less sophisticated instrumentation to measure 
semiconductor characteristics. 
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