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Abstract:  We report measurements of the nonlinearity profile of thermally 
poled low-loss germanosilicate films deposited on fused-silica substrates by 
PECVD, of interest as potential electro-optic devices. The profiles of films 
grown and poled under various conditions all exhibit a sharp peak ~0.5 µm 
beneath the anode surface, followed by a weaker pedestal of approximately 
constant amplitude down to a depth of 13–16 µm, without the sign reversal 
typical of poled undoped fused silica. These features suggest that during 
poling, the films significantly slow down the injection of positive ions into 
the structure. After local optimization, we demonstrate a record peak 
nonlinear coefficient of ~1.6 pm/V, approximately twice as strong as the 
highest reliable value reported in thermally poled fused silica glass, a 
significant improvement that was qualitatively expected from the presence 
of Ge. 
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1. Introduction 

Poled glass has been an active area of research over the last few years because of the prospect 
of using this nonlinear material for integrated electro-optic phase and amplitude modulators or 
parametric oscillators.[1] Poled silica-based glasses are particularly interesting in these 
applications because they exhibit low loss, broad transmission bands, and high optical damage 
threshold, and they are compatible with the current fiber technology. One of the main 
limitations of this material, however, is that its nonlinear coefficient is low, with a peak 
second-order optical nonlinear coefficient d33 of only ~0.8 pm/V (compared to ~30 pm/V for 
LiNbO3).[2] As a result, all poled-glass devices reported to date require high voltages and/or 
long lengths.[3-6] Increasing the nonlinearity of poled glasses, for example by improving the 
material composition or the poling conditions, is therefore an important step towards 
achieving practical poled-glass devices. 

In this paper, we report a poling study of germanosilicate films that makes significant 
progress in this direction. This choice of material was made for two reasons. First, since their 
propagation loss has been dramatically reduced,[7] germanosilicate films grown onto fused 
silica substrates are excellent waveguides with a refractive index close to that of silica, which 
makes them compatible with fiber-optic technology. Second, the addition of Ge to silica 
increases the refractive index of the glass, and thus its third-order optical susceptibility χ(3), 
and since the nonlinear coefficient d33 of poled glass is proportional to χ(3) it is expected that 
d33 will also be increased. Poled germanosilicate glass[6,8,9] is therefore a promising 
candidate for low-loss as-deposited integrated planar electro-optic devices. In this work, we 
have used thermal poling instead of UV poling because the later produces short-lived 
nonlinear regions.[9] We confirm these expectations with experimental investigations 
showing that the peak nonlinear coefficient of germanosilicate films with optimal Ge 
concentration, thickness, and poling time take a record value of ~1.6 pm/V. Precise and 
unique characterization of the spatial profile of the nonlinear region using a recently 
developed technique[10] reveals interesting details regarding the physics of poling in these 
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glasses, including the fact that the Ge-doped layer blocks diffusion of the positive ions from 
the anode surface during poling and that the space charge distribution inside the poled region 
exhibits a dipolar structure within the first micron below the anode surface, followed by a 
neutral region from ~1 µm to ~12 µm, which is followed by a weaker negatively charged 
region up to a total depth of ~16 µm. These findings are quite important especially for the 
optimization of the overlap between the optical mode of an electro-optic device utilizing poled 
germanosilicate films and the induced nonlinear region. 

2. Germanosilicate growth process 

The germanosilicate films were deposited on square substrates of synthetic silica (Infrasil) 25 
mm on the side and 150 µm thick using plasma-enhanced chemical vapor deposition 
(PECVD) in a parallel-plate reactor (Plasmalab 8510C). The films were grown at 350 oC and 
at a pressure of 1 Torr, with an RF power of 10 W at 13.56 MHz applied to the plates. The 
diameter of the plates was 24 cm. The precursor gases were silane (2% SiH4/N2), germane 
(2% GeH4/He), and nitrous oxide (N2O). The flow rates of silane and nitrous oxide were kept 
constant at 180 and 225 sccm, respectively, while that of germane was set at a constant value 
between 0 and 90 sccm that was varied from run to run. The growth rate of the films was ~40 
nm/min. A major problem in the application of CVD-grown silicon-based layers in integrated 
optics is the incorporation of hydrogen in the form of N–H bonds into the film matrix.[11] 
Annealing is usually required to reduce the propagation loss of the optical waveguides that 
utilize these layers as the core. Instead, the samples were manufactured using a new recipe 
that has produced the lowest propagation loss of as-grown germanosilicate films reported to 
date.[7] 

In order to study the effects of film composition, film thickness, and poling time on the 
nonlinearity profile and strength of poled germanosilicate films, we grew seven 
germanosilicate films at four different germane flow rates (0, 33, 50, and 90 sccm). The 
characteristics of these films and the poling times are listed in Table 1. Mole fraction of GeO2 
of the grown films is estimated from the measured dispersion curves of the films, as listed in 
Table 1.[12] Based on previous measurements on similar samples,[7] the propagation loss of 
the as-grown waveguides was estimated to be less than 0.15 dB/cm at 1550 nm.  

Table 1. Characteristics and poling time of germanosilicate films poled in air at ~5 kV and ~280 °C. 

Sample # 
Germane 
flow rate 

Mole fraction of 
GeO2 (%) 

Refractive index 
at 1064nm Thickness 

Poling 
time 

Peak d33  
(pm/V) 

1 0 sccm 0 1.469 4 µm 10 min 0.54 

2 33 sccm ~20 1.497 4 µm 5 min 0.80 

3 33 sccm ~20 1.497 4 µm 10 min 1.59 

4 33 sccm ~20 1.497 4 µm 15 min 1.00 

5 33 sccm ~20 1.497 2 µm 10 min 1.02 

6 50 sccm ~30 1.514 4 µm 10 min 0.78 

7 90 sccm ~56 1.553 4 µm 10 min 0.81 

 

3. Thermal poling  and characterization of the poled films 

As-grown germanosilicate-Infrasil structures were thermally poled[13] using polished n-type 
silicon electrodes in air at ~5 kV and 280 °C, with the positive electrode facing the film. The 
nonlinearity spatial profile of each poled sample was measured using the Maker fringe-Fienup 
technique.[10] A fundamental laser beam at 1064 nm is launched onto the sample and the 
power in the second-harmonic (SH) signal (at 532 nm) generated within the nonlinear region 
is measured as a function of the incidence angle of the fundamental laser beam, using the 
cylinder-assisted set-up described in Ref. [14]. The resulting curve is known as the Maker 
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Study of refractive index of GeO2:SiO2 mixtures using
deposited-thin-film optical waveguides


Agnes S. Huang, Yehuda Arie, Clyde C. Neil, and Jacob M. Hammer


Refractive indices of deposited thin films of amorphous GeO 2:SiO2 mixtures were determined by multimode


optical waveguide measurement techniques at four different wavelengths and used to characterize waveguide
properties as a function of material composition. The results indicate that the refractive index varies linearly
with the mole fraction of GeO2 in the guide, while wavelength dispersion increases with heavier GeO2 dopant


concentrations. This is consistent with previously reported findings for bulk samples and suggests that linear
variation of the film's compositional content is a viable method for obtaining refractive indices and dispersive
properties needed to interface with other optical devices in integrated optics-type applications.


Mixtures of (SiO2) and GeO2 are promising materi-
als for optical waveguides1-3 because of the material's
potential for providing a chosen range of refractive-
index values and low loss.1,4 Although recent interest
in GeO2:SiO2 mixtures for use in optical fibers at rela-
tively low mole fractions of GeO2 has been consider-
able, deposited films of these mixtures have not been
studied for use as optical waveguides.2 -6 Indeed,
there has been only one report of the use of pure GeO2
as a thin-film optical waveguidel and, to the author's
best knowledge, no reports on the use of mixtures of
GeO2:SiO2 for this purpose. It should be recognized
that fiber optic waveguides and bulk samples are sub-
ject to glass working procedures that are not possible to
perform on the deposited films. As a consequence,
this paper focuses on the characteristic properties of
GeO2 :SiO2 slab waveguide films as a function of the
germanium dioxide dopant concentration over a range
from 100 to 6% GeO2. The analyzed properties in-
clude refractive-index changes and wavelength disper-
sion.


Radio frequency reactive sputtering, chemical vapor
deposition, and plasma-activated chemical vapor de-
position were used to deposit GeO2:SiO2 films on fused
silica substrates. The vapor deposition methods


When this work was done all authors were with RCA Laboratories,
Princeton, New Jersey 08540. A. S. Huang is now with Watkins
Johnson, 2525 N. First St., San Jose, California 95131.
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yielded relatively high loss waveguides when used to
deposit films with high mole fractions of GeO2. Thus
the bulk of the waveguides described in this paper are
fabricated by reactive sputtering.


The method used for measuring the film refractive
index nf is based on measurement of the effective
refractive index ne for each waveguide mode using a
prism-film coupler. As is well known and first de-
scribed by Tien et al.,7 the effective index is found
from the coupling angle cJ using Eq. (1):


(1)


cJ is the coupling angle measured from the normal to
the input prism face, np is the prism refractive index,
and cJp is the prism angle measured between prism
base and input face. Because the optical waveguides
in this experiment are deposited on transparent fused
silica, ellipsometrical measurements do not provide a
viable alternative method for measuring the film re-
fractive index.8


For each measured value of effective index ne a plot
of film index nf vs film thickness h is made using the
dispersion relation 9 given in Eq. (2). Such plots are
shown in Fig. 1. Equation (2) is for TE modes which
are excited in all the measurements reported in this
paper:


27r 2..21 a'~ 2
- 2 -2= (nf ne)mr + tan + tan1 n .e


(2)


Here h is the film thickness, X is the wavelength, m =
0,1,2,.. ., is the mode number, n, is the known substrate
refractive index, and n, is the known cover (usually air)
refractive index. TM modes may equally well be used
with the appropriately modified dispersion equation.
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1.5829; the
has b = 1.6


....... 1 \thin films deposited on transparent substrates. The
TEo \I accuracy obtained is within 0.1% for the refractive index
T4 7EI \ 1! and 1% for the thickness.
TE2 \ . Table I summarizes the experimentally determined


characteristics of various composition GeO 2 :SiO2 films
f 1.5928 -\ deposited on fused silica substrates at a wavelength of


8510 A. Thicknesses obtained from multimode wave-
guide measurements are shown in the third column,
while thicknesses obtained from mechanical measure-


II -it \ ments using an Alpha Step profilometer are given in
h~ I.96Fm And j column four. The thickness values obtained by the two


0.. 0.5 1 .0 1.5 20 25 methods are in reasonble agreement.
h (fm1 The film indices in column five are determined from


It of film index nf vs film thickness h for TEO, TE 1 , and waveguide measurements as described above. Column
of GeO2 film on SiO2 substrate at X = 8036 A. The six indicates the mole fraction of GeO2 in the waveguide


dices ne of the modes are determined from the prism film as determined by electron-probe microanalysis.
gles 4' and related to nf and h by the dispersion relation. These results can be compared to the waveguides' pre-
curve corresponds to a unique ne which is calculated from dicted compositions shown in column seven obtained
g angle. For the TEO mode, the values are 4' = 120, ne = from linear weighting of the indices for pure GeO2 and
TE1 mode has = 7.80, ne = 1.5529; and the TE2 mode SiO 2 and the film refractive index of column five. These
*, ni = 1.504. The film index and thickness are deter- estimates of molecular composition are derived from the
mined from the intersection of these curves. equation


Each mode of a multimode waveguide has a character-
istic value of ne which results in a distinct curve. These
curves, when plotted together as illustrated in Fig. 1,
intersect at a point which gives both the film index and
thickness. The data for Fig. 1 were measured on a film of
pure GeO2 on a fused quartz substrate. In the case of a
single-mode guide the thickness must be independently
found to obtain the film refractive index.


This multimode waveguide measurement technique,
which was described by Hammer, 10 provides an accurate
method for measuring refractive index and thickness for


nf = xnGeO2 + (1 -x)nSi02 (3)


where x is the mole fraction of GeO2 in the mixture, (1
- x) is the mole fraction of SiO 2 , and nf is the film
refractive index. Comparison of the last two columns
of Table I indicates the existence of a strong linear
correlation between the refractive index and GeO2
concentrations. The linear functional relationships
between the waveguide film refractive index and the
mole fraction of germanium dioxide are further veri-
fied by plotting the data and fitting the points to a
straight line.


Table I. Summary of Experimental Results at X = 8510 A


Thickness
From From Mole percent of GeO2


Number multimode mechanical Film by E-beam by linear
of TE plot measurement index microprobe interpolation


Sample modes (Am) (Am) nf(%) (%)


A 3 2.03 - 1.5905 100 -


B 3 2.33 - 1.5694 100 -


C 3 1.90 - 1.5941 100 -


D 1 0.81 1.5983 100 -


E 1 0.94 - 1.6006 100 -


F 4 3.05 3.0 1.5747 67.3 85.4
G 4 2.93 2.83 1.5794 67.5 88.7
H 1 1.64 1.75 1.5405 52.2 61.4
I 2 1.67 1.72 1.5300 52.2 54.0
J 2 1.83 - 1.5307 52.2 54.5
K 2 2.13 - 1.4952 33.8 29.5
L 2 2.3 - 1.4877 28.7 24.3
M 2 2.17 - 1.4993 28.7 32.4
N 2 2.06 2.0 1.3387 59.9 60.1
0 3 2.46 2.28 1.5279 56.4 52.5
P 3 2.53 2.39 1.5172 46.7 45.0
Q 2 2.15 2.29 1.5074 38.9 38.2
R 2 2.04 2.0 1.4738 28.3 28.7
S 1 1.77 1.77 1.4849 20.6 22.3
T 1 1.58 1.57 1.4779 14.2 17.4
U 1 1.45 1.45 1.4751 10.1 15.4
V 1 1.24 1.30 1.47715 6.3 12.9
W 1 1.01 1.04 1.5098 32.3 39.4
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Table II. Equations for Fitting Results of n, vs Mole Fraction GeO2
Determination at Three Wavelengths


X (A) Equation for linear film Root mean square error


5145 1.4614x + 1.604 X 10-3 1.0365 X 10-2
6328 1.4569x + 1.5578 X 10-3 9.3811 X 10-3
8510 1.4530x + 1.4983 X 10-3 1.3041 X 10-2


1.6C


1.64


1.621-


1.601-


1.58)-


E


.
0


X


1z
3l


V:


1 59


157 _


155


153


1.51


COM POSITION VIA ELECT
DPI. (LINEAR FIT)


147 _ 8<? -x- C CPOSITION VIA LINEAI
1,47 INTERPOLATION


_ I I I I I I
0 10 20 30 40 50 60 70 80 90 00 120


MOLE FRACTION OF GeO2 (%


Fig.2. Film refractive index vs mole fraction of GeO2 in the guide at
X = 8510 A. This plot shows the theoretical linear fit to the experi-
mental data compared to the linear relation obtained by assuming a
linear variation of refractive index with mole fraction from Eq. (3).
The results indicate few disparities between the lines. Similar plots


at X = 5145 and 6328 A are consistent with this figure.


The equations for linear fits are shown in Table II.
Statistical analyses of the linear plots indicate that the
R 2 values are -94% for each of the three analyzed
wavelengths. Furthermore, analysis of the residuals
shows no pattern in the data distribution about the
mean fit. This indicates that the computed refractive
indices obtained from a linear model agree well with
the measured results. A standard F test of the residu-
als also indicates the validity of a linear curve fit.
Hence it appears safe to conclude that the functional
relationship between the film refractive index and the
GeO2 doping concentration is linear and can be deter-
mined by linear regression.


The linear dependence on mole fraction and the
actual values of refractive index are in good agreement
with the recent results of Fleming 1l which were made
on bulk samples. The linear relationship can also be
approximated by assuming a straightforward linear
weighting of the refractive indices as given in Eq. (3).
Figure 2 is a plot of refractive index nf vs composition
at X = 8510 A. It may be seen that the composition via
linear interpolation is not distinguishable from that
found from electron-probe microanalyses to within the
experimental error. Further statistical analyses indi-
cate that Eq. (2) has a 90% confidence coefficient in
defining the relationship between film refractive index
and the GeO2 concentration of the waveguide and may
thus be used for estimating dopant concentrations
needed to obtain mixtures with a requisite refractive
index. It should be noted, however, that solubility
tests indicate that GeO2:Si02 waveguides containing


1.56-


n


1.54F-


1.52


1.50


1.48k


1.46k


1.441-


* ' 0.4 0.5 0.6 0.7 Q8 0.9 1.0


X (jim)


Fig. 3. Wavelength dispersion of GeO 2 -SiO2 films according to
GeO2 concentration. The dispersions are delimited by the pure


GeO 2 and pure SiO2 dispersion curves.


high percentages of GeO2 (>45%) suffer from hygro-
scopic deterioration which affects the film's waveguid-
ing properties. Hence, at wavelengths in the 8000-A
region, it is not advantageous to use GeO2 to dope the
composite waveguide to refractive indices above
-1.52.


As shown in Fig. 3, the wavelength dispersion of
mixed GeO2:SiO2 waveguide films fall between the
wavelength dispersion for pure GeO2 found by Devya-
tykh et al. 2 and that of pure SiO2 as obtained by
Malitson. 12 As might well be expected the high ger-
mania content curves tend to show changes which fol-
low those of pure germania, while the high silica curves
tend to follow the pure silica behavior. This too agrees
with results for bulk samples summarized by Flem-
ing. 11


In conclusion, GeO2:SiO2 thin-film mixtures on
fused quartz substrates offer a possibility for low-loss
optical waveguides with operation in the range of visi-
ble- and near-infrared wavelengths. By varying the
compositional content of the waveguide, a wide range
of refractive indices can be obtained. Such a free
choice of film indices simplifies the problem of design-
ing optical waveguide components for use in optical
communications and integrated optics technology.


The authors are grateful for additional waveguides
provided by J. Zelez and W. Kern of the RCA Labora-
tories and discussions with J. Gittleman of RCA and H.
Haus of MIT.


This work was done as part of a MIT-RCA coopera-
tive program for master's degree candidates by A. S.
Huang.
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The system has the following features, which are well suited to photometric
and radiometric applications:


The system only images rays in the paraxial region; consequently, radiomet-
ric errors such as the cosO falloff are not a significant factor;


Since the consecutive angles of a parallelogram are supplementary, the
reflection losses for the corner mirrors should remain constant throughout the
scan;


Each pixel can only intercept that portion of the scattered light within its
field of view; therefore, only a fraction of the light scattered by each optical
surface will be collected;


The scanner will accept plane reflecting or transmitting scenes or targets;
The scanner can be used to measure the modulation transfer function


(MTF) and the velocity-dependent MTF; and
The scanner's ability to instantaneously register a line in the image plane


with a focal error that is within the Rayleigh limit while scanning linearly is
especially accommodating to linear arrays.


This work was done by Mitchell W. Finkel of Goddard Space Flight Center.
Refer to GSC-12897.


Methane detector with plastic Fresnel lens
A laser detector for natural gas leaks has been modified by substituting a


molded plastic lens for a spherical mirror. The detector sends laser pulses at
wavelengths of 3.3913 Am and 3.3903 m and measures the strength of the
return pulses reflected by such features as buildings or hills. This has been
described in "Detecting Methane Leaks" (NPO-15790), page 53, NASA Tech
Briefs 8, No. 1 (Fall 1983). If methane is present in the air, the return pulses at
3.3913 gm are attenuated more than those of shorter wavelengths. By mea-
suring the relative attenuation at the two wavelengths, the detector can be
used to check for methane escaping from pipelines above or below ground and
from landfill.


LIQUID-NITROGEN
DEWAR


PHOTODETECTOR NARROW-BAND FILTER FRESNEL LENS


PREAMP LIFIE


TRANSMITTING


| 0W$\0 M ma | | i + ~~~~~~MIRROR


BEAM-COMBINING


PRISM TTE


Fig. . Two He-Ne lasers generate a light beam that is chopped and
bounced off mirrors to illuminate a scene. The Fresnel lens concen-
trates the light reflected from the scene on the photovoltaic cell. A
data system processes the cell signal to determine how much meth-


ane is in the air at the scene.


The modified Fresnel lens is 15.2 cm in diameter with 20 grooves/cm and a
focal length of 22cm at a wavelength of 3.4 pm. The lens is made of polychlor-
otrifluoroethylene; which was selected because, unlike ordinary hydrocarbon
plastics, it does not absorb strongly at the 3.4-mm laser wavelength. It is
made by hot-pressing an 0.086-cm thick sheet in a mold.


The primary components of the detector optical train are the Fresnel
primary lens [manufactured by Lectric Lites Co., Fort Worth, Tex. (or equiva-
lent)], a quartz focusing lens, a narrowband optical filter, and an indium
antimonide photovoltaic cell (see Fig. 8). The Fresnel lens collects reflected
radiation from a relatively wide beam and concentrates it on the 1-mm diam
photocell with the aid of the focusing lens. An interference filter suppresses
background (solar plus thermal) radiation so that the photocell responds
mainly to the laser light.


This work was done by William B. Grant of Caltech for NASA's Jet Propul-
sion Laboratory. Refer to NPO-16284.


Designing eccentric aperture optical systems
A computer program aids in the design of eccentric aperture optical systems


by predicting the vector aberration that occurs in an optical system having
tilted or decentered optical elements. In the fields of astronomy and remote
sensing, there is an increasing tendency toward unobscured, all-reflecting
optical systems necessitated by a trend toward imaging systems operating at
ultraviolet and infrared wavelengths. The optical elements in these systems
must be tilted or decentered. In general, this results in an optical system that
has no axis of rotational symmetry; therefore, classical aberration theory is no
longer applicable. The image also becomes anamorphic and keystone distort-
ed due to the relative tilt between the object and the optical surfaces.


This computer program incorporates the vector theory of aberrations.
Each optical surface contributes aberration of the same form as for a rotation-
ally symmetric system, but the centers of the aberrations are not necessarily
located at the center of the image. Two independent sets of aberrations are
introduced by each surface: one by the base sphere of the surface, the other by
the aspheric departure of the surface. These two sets of aberrations, along
with those introduced by other optical surfaces, may be combined vectorially
to yield the final behavior of the system.


This program is written in FORTRAN 77 for interactive or batch execution
and has been implemented on a PRIME 700 series computer. The program
was developed in 1983.


This program was written by John R. Rogers of the University of Arizona for
NASA's Jet Propulsion Laboratory. Refer to NPO-16355.


Measuring carrier lifetime in GaAs by luminescence
Luminescence has been proposed as a nondestructive technique for measur-


ing the Shockley-Read-Hall (SRH) recombination lifetime in GaAs. This
lifetime, a measure of the longevity of minority carriers before capture by flaws
with energy levels within the band gap, is the dominant lifetime governing the
behavior of free charge carriers in GaAs.


The sample is irradiated, and luminescence escapes through the surface.
The measurement requires no mechanical or electrical contact with the sam-
ple. No ohmic contacts or p/n junctions are needed. The sample therefore
does not have to be scrapped after it has been tested. A monochromatic light
source with photon energy above the band-gap energy of GaAs (that is, above
1.43 eV) is modulated by a sinusoidal variation in intensity at a frequency of
-100 MHz and directed at a GaAs sample. The light generates excess free
carriers in the sample. The carriers diffuse throughout the sample in density
waves of the same frequency as the modulation frequency. As they diffuse,
the carriers emit a characteristic luminescence that also fluctuates at the
modulation frequency.


continued on page 4431
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fringe (MF) curve.[15] Because of the refractive index mismatch between the Infrasil 
substrate and the germanosilicate film, angle-dependent spurious reflections occurred at the 
film-cylinder and the film-substrate interfaces. Correction factors were thus applied to the 
measured MF curves to correct them for multiple reflections [16] and Fresnel reflection at 
both the fundamental and SH signal wavelengths. Furthermore, the sample grown at a 90-
sccm germane flow rate, which physically looked brown, had higher loss, especially in the 
visible spectrum. The film's measured loss coefficients (~4 dB/cm at 1064 nm and ~710 
dB/cm at 532 nm) were thus used to correct the measured MF curve for this poled sample. 
Each of these corrected MF curves was finally processed using the iterative Fienup algorithm 
[17] to uniquely recover the second-order optical nonlinearity profile of each poled sample, as 
described in Ref. 10. In this work, we have preferred the iterative Fienup algorithm to other 
inverse Fourier transform (FT) techniques, such as the two-sample technique, [2] because of 
the simplicity and speed of the Fienup algorithm. For instance, the two-sample inverse FT 
technique requires pressing two different poled samples to each other in two different 
configurations, and measuring the MF curves of these sandwich structures [2]. The iterative 
Fienup technique, however, requires only the measurement of the poled sample alone, without 
the need for a second nonlinear sample. Furthermore, for germanosilicate-Infrasil thin film 
structures, the MF curve of such sandwich structures would be more difficult to measure and 
calibrate, due to multiple reflections arising from the 4 interfaces with refractive index 
mismatch. By using the iterative Fienup algorithm, this complex situation is avoided. 

To identify the optimum poling time for these samples, we first poled samples #2, #3, and 
#4, all of which were grown at 33 sccm germane flow rate to a thickness of 4 µm, for 5, 10 
and 15 minutes, respectively. The calibrated MF curves of these poled samples are shown in 
Figs. 1(a)-(c). The nonlinearity depth profile of each sample recovered from these curves 
using the Fienup algorithm is shown in Fig. 1(d). All three profiles exhibit similar features, 
namely a sharp peak centered about 0.5 µm below the anode, followed by a weak pedestal that 
is approximately constant to a depth of ~9–12 µm and that gradually decreases to zero at a 
depth of 13–16 µm. This sequence of profiles reveals that the optimum poling time for these 
germanosilicate-Infrasil structures at an applied E-field of ~32.5 MV/m is 10 min. The peak 
d33 coefficient obtained under these poling conditions is as high as ~1.6 pm/V. To our 
knowledge, this is the highest directly measured second-order nonlinear coefficient reported 
in thermally poled germanosilicate glass. This is about twice as high as the highest reliable 
peak d33 value reported for thermally poled fused silica, i.e., 0.8 pm/V.[2] The other measured 
peak d33 coefficients for poling times of 5 and 15 min are ~0.8 pm/V and ~1.0 pm/V, 
respectively. Note that the entire nonlinearity peak is contained in the germanosilicate film, 
while most of the pedestal is in the silica substrate. Furthermore, as physically expected, due 
to the diffusion of positive ions, the depth of the pedestal gradually increases from ~9 µm to 
~12 µm as the poling time is increased from 5 min to 15 min (see Fig. 1(d)). 

In general, the profiles recovered using the Fienup algorithm could actually be shifted in 
space from the actual profile, i.e., dA (z − z0) = dR(z) , where dA (z)  and dR (z)  refer to the 
actual and recovered profiles, respectively.[10] However, we have two significant pieces of 
evidence that there is no spatial shift involved in any of our proposed solutions. First, using 
the same poled germanosilicate thin films, we have fabricated ridge waveguides to guide light 
in the thin film region, and we have measured the effective electro-optic coefficient of these 
fabricated waveguides, the results of which will be the subject of a future publication. Our 
measured effective electro-optic coefficient in these poled waveguides perfectly matches with 
the predicted electro-optic coefficient, which was calculated using our proposed nonlinearity 
profiles. If there were a spatial shift in the profile, the overlap of the guided optical mode with 
this hypothetically shifted nonlinearity profile would then yield an effective electro-optic 
coefficient much weaker than what is experimentally measured for the same poled films. 
Second, if our proposed d(z) solutions were to be slightly shifted to the bulk of the material, 
then this would imply a non-poled region a few micrometers deep under the anode electrode, 
with d = 0 pm/V. There is no physical evidence for such an unpoled region just under the 
anode electrode. For thermally poled materials, the observed trend is that the nonlinearity 
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starts right at the anode surface, and extends towards the bulk of the material.[1,2] Therefore, 
the recovered nonlinearity profiles reported in Fig. 1 and in the rest of this paper do not 
involve relative spatial shifts with respect to the anode surface. 
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Fig. 1. Calibrated MF curves measured for (a) sample # 2, (b) sample # 3, and (c) sample # 4. The solid 

curves are the theoretical MF curves computed from the recovered d33(z) profiles. (d) The recovered 
optical nonlinearity depth profiles of sample # 2 (blue), # 3 (red) and # 4 (black). 

 
It has been shown that most of the nonlinear coefficient of thermally poled silica arises 

from rectification of the third-order susceptibility χ(3) of the material by a dc electric field E 
that builds up in the material near the anode,[18-20] i.e.: 

 
                                                               d33 = 3/ 2 ⋅ χ(3) ⋅ E                                                          (1) 

 
We postulate that same main mechanism is responsible for the nonlinearity of the present 
materials, and we attribute the observed increase in the peak d33 coefficient to the higher χ(3) 
of germanosilicate. To validate this point, we used an empirical relationship[21] to predict the 
nonlinear refractive index of the germanosilicate films from their dispersion curves. The ratio 
of the third-order susceptibility of the PECVD grown layer, χGe:SiO2

(3) , to the susceptibility of 

fused silica, χFusedSilica
(3) , computed using the measured dispersion curves of the films grown 

at 0, 33, 50, and 90 sccm germane flow rates is plotted in Fig. 2 as a function of the germane 
flow rate. This curve shows that (1) as expected physically the χ(3) of the 0-sccm germane 
flow rate film is very close to the χ(3) of fused silica; (2) as the germane flow rate is increased, 
the χ(3) of the germanosilicate film increases almost quadratically. Specifically, for sample #3 
(flow rate of 33 sccm) χGe:SiO2

(3) ≈ 1.54 ⋅ χSiO2
(3) . This enhancement factor contributes to 
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~1.54/2 ≈ 80% of the two-fold increase observed in the peak d33 coefficient of sample #3. This 
suggests that the remaining contribution to the two-fold increase in peak d33 should be due to a 
30% increase in the built-in field in sample #3 compared to the built-in field of poled fused 
silica.[2] 

 

0 10 20 30 40 50 60 70 80 90
0

1

2

3

4

5

0 10 20 30 40 50 60 70 80 90
0

0.5

1

1.5

2

2.5
χ(3

)  
   

  /  
χ(3

)
G

e:
S

iO
2

F
us

ed
 S

ili
ca

Germane flow rate (sccm)

B
uilt-in E

-field (G
V

/m
)

30 50200

Mole fraction of Ge:SiO2 (%)

10 40

 

Fig. 2. Blue curve (left axis): the ratio of the χ(3) of the PECVD grown layer to the χ(3) of fused 
silica; green curve (right axis): maximum built-in E-field measured in poled germanosilicate 
films. 

 
The total depth of the induced nonlinear region (~13–16 µm) in Fig. 1(d) is significantly 

narrower than for bulk Infrasil samples thermally poled under similar conditions, for which 
the depth is typically ~40 µm.[2,10,22] Furthermore, unlike in poled Infrasil samples, the 
d33(z) profile of the poled germanosilicate-Infrasil structures does not change sign. We believe 
that the reason for these differences is that the germanosilicate film limits the diffusion of 
positive ions such as H3O

+ from the anode surface into the sample, which results in the 
formation of a narrower depletion region within the film itself. A similar blocking behavior in 
germanosilicate films, which also resulted in narrower nonlinear widths, has been previously 
reported.[8] 

For comparison purposes, the theoretical MF curves computed from the inferred d33(z) 
profiles of Fig. 1(d) are also shown in Figs. 1(a)-(c) (solid curves). The excellent agreement 
between the computed and the measured MF curves for all three samples confirms again the 
high accuracy of the Maker fringe-Fienup technique and the validity of our results. At this 
point, we should mention that all of the measured MF curves exhibit some faster oscillations 
superimposed on a much stronger but slower fundamental oscillation. This weak high 
frequency modulation is especially evident in the measured MF curve of sample #4 between 
internal propagation angles of 35°-65° (see Fig. 1(c)). We believe that this weak fast 
oscillation is simply due to a much weaker nonlinearity induced at the cathode end of the 
poled samples, which has also been observed for other thermally-poled samples.[23-25] The 
fact that the period of this fast spatial frequency oscillation roughly matches to the thickness 
of the poled samples (~150 µm) supports this argument. Meanwhile, the theoretically 
computed MF curves (solid lines in Figs. 1(a)-(c)) corresponding to the recovered profiles do 
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not show the same fast oscillation but simply show excellent fits with the much stronger but 
slower oscillations in the measured MF curves. This is an expected result, related to the fact 
that in the process of recovering the full spatial FT spectrum from the measured MF curves, 
an iterative frequency extrapolation algorithm known as the Papoulis-Gerchberg algorithm is 
used [2]. In this extrapolation algorithm, to speed up the convergence, the extent of the 
nonlinear region is limited to less than ~50-60 µm deep from the anode surface. Therefore, 
any nonlinear coefficient beyond this first 50-60 µm from the anode surface is neglected, 
including the weak nonlinearity at the cathode end. For practical device applications, e.g., 
electro-optic phase/amplitude modulators, this is quite reasonable since the most significant 
and useful part of the nonlinearity is confined to the first ~40 µm from the anode surface 
[1,2,10]. The fact that it is safe to neglect the nonlinearity after the first ~60 µm is also 
verified by the fact that the reported theoretical fits to the measured MF curves all agree 
perfectly with the stronger slow oscillations.  
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Fig. 3. Charge density of poled sample # 4, inferred by differentiating the recovered d33(z) profile. 

 
Assuming that dc rectification of the third-order optical susceptibility of the glass is the 

main mechanism responsible for the observed nonlinearity, as is the case in silica,[18-20] then 
the total voltage drop across the nonlinear region should be equal to the poling voltage.[22] 
To verify this point, we computed the integral along the depth z of each recovered 
nonlinearity profile of Fig. 1(d). The calculated voltages come out to be 4.77 kV, 4.77 kV and 
5.21 kV for sample #2, #3 and #4, respectively. As expected, these values are close to the 
poling voltage (~5 kV), which lends further credence to the inferred profiles. We note that the 
true sign of all profiles in Fig. 1(d) cannot be inferred by using the Fienup algorithm 
alone.[10] However, for almost all of the applications, this sign ambiguity, i.e., ±d33(z) , is 
not consequential and other means of resolving this sign ambiguity has been discussed 
elsewhere.[22] Meanwhile, the fact that the integrated voltage drop across the recovered 
profiles has the same sign as the poling voltage (+5 kV) suggests that the inferred profiles as 
shown in Fig. 1(d) do have the correct sign (positive). 

To provide further physical insight into the poling process for the germanosilicate-Infrasil 
structures, we calculated the charge density distribution frozen within the glass from the 
recovered nonlinearity profiles. Since the profile is proportional to the built-in E-field 
distribution, and since the distribution of space charge density in the glass is proportional to 
the derivative of the built-in E-field, the charge density can be obtained simply by taking the 
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derivative of the measured profile. As an example, the charge density distribution of sample # 
4 (Fig. 1(d)) recovered by this process is shown in Fig. 3. This distribution exhibits a dipolar 
structure within the first micron below the anode surface, followed by a neutral region from 
~1 µm to ~12 µm, which itself is followed by a weaker negatively charged region extending 
to a depth of ~16 µm. The charge distributions recovered for the other samples show very 
similar features, the main difference being minor variations in the locations of these regions. 
The integral of the recovered charge distribution shown in Fig. 3 yields a total charge of –8.53 
10-3 C/m2. We believe that the neutrality of the sample is preserved by an equal amount of 
positive alkali ions (e.g., Na+ or K+) charge that is spread throughout the remaining bulk of the 
Infrasil substrate. Because it is spread over roughly 150 µm of glass, this charge density is 
much lower and thus contributes to a bulk second-order nonlinearity that is too weak to be 
measured. Furthermore, we anticipate that the depth of the neutral region shown in Fig. 3 
reflects the total diffusion depth of the positive ions injected from the anode surface, which 
cancel out the negative sites left behind by the alkali ions such as Na+ and K+ that have 
migrated towards the cathode. 

After optimizing the poling time, we investigated the effect of the germane flow rate on 
the induced nonlinearity profile. For this purpose, we poled samples #1, #3, #6, and #7, which 
all have 4-µm thick germanosilicate films but were grown with different flow rates, namely 0, 
33, 50 and 90 sccm, respectively. The poling conditions for all four samples were identical, 
i.e., in air at ~5 kV and 280 °C, for 10 min. The calibrated measured MF curves for samples 
#1, #6 and #7 are shown in Figs. 4(a)-(c). The MF curve for sample #3 has already been 
shown in Fig. 1(b). The nonlinearity profiles recovered by applying the Fienup algorithm to 
these MF curves are shown in Fig. 4(d). The profiles exhibit the same characteristics as the 
previous samples (see Fig. 1(d)), i.e., a dominant peak buried ~0.5 µm beneath the anode 
surface, followed by an almost constant nonlinear region of same sign that gradually 
decreases to zero at a width of 13–16 µm. The peak d33 coefficients of samples #1, #6 and #7 
are found to be 0.54, 0.78 and 0.81 pm/V, respectively. This investigation shows that the 
highest peak d33 coefficient (1.6 pm/V) is achieved for a germane flow of 33 sccm (sample 
#3). Even though a higher germane flow rate produces a higher Ge concentration and thus a 
higher χ(3), as confirmed in Fig. 2, the fact that the peak d33 coefficient is maximum in the 33-
sccm sample suggests that the built-in field drops at higher Ge flow rates. To illustrate this 
point, the maximum built-in E-field in poled germanosilicate films, calculated from Eq. (1) 
using the measured peak d33 value and the calculated χ(3) value for each sample, is also plotted 
as a function of germane flow rate in Fig. 2. The results reveal that the highest built-in field is 
achieved for the 33-sccm sample (#3) and that for higher germane flow rates the built-in field 
steadily drops. We mostly relate these observations to an increase in the film electrical 
conductivity as the Ge concentration in the film is increased, which has been previously 
confirmed.[26] On the other hand, the built-in field of the 33-sccm sample is higher than that 
of the 0-sccm sample (pure SiO2), although the latter has a lower electrical conductivity. This 
points out that there exists an optimum electrical conductivity range for a given set of poling 
conditions. This hypothesis is supported by the fact that under similar poling conditions, 
Suprasil, which contains much less impurity than Infrasil and thus has a lower conductivity, 
develops a built-in field nearly one order of magnitude lower than Infrasil.[1,23] 

It should be noted that the measured MF curves for samples #1 and #7 are quite similar, 
both in terms of shape and strength (see Figs. 4(a) and 4(c)). This similarity explains the 
observed similarity in the recovered nonlinearity profiles of these two samples, as can be seen 
in Fig. 4(d). However, the peak d33 coefficient is weaker for sample #1 (0.54 pm/V) than for 
sample #7 (0.81 pm/V). This difference originates from the second peak in the MF curves 
around an internal propagation angle of ~80°, which is stronger for sample #7 than for sample 
#1 (see Figs. 4(a) and 4(c)). At such high angles, the fundamental beam interacts mostly with 
the nonlinearity at the surface of the material because diffraction causes the power density of 
the fundamental beam to decrease in the substrate, which reduces the SH conversion 
efficiency in the deeper part of the nonlinearity profile. From the enhanced SHG efficiency 
observed near ~80°, we therefore expect a stronger nonlinearity close to the surface, as 
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observed in the recovered profile of sample #7. Another way to look at the same phenomena 
is to consider that higher angles correspond to higher spatial Fourier transform frequencies, so 
the slower the high frequency components decay to zero, the more tightly confined the 
nonlinearity is. For example, in the limit where high frequency components never decay to 
zero, the profile is a delta function, i. e., all the nonlinearity is confined to the surface of the 
sample. This reasoning also explains the record peak nonlinearity observed in sample #3. In 
the measured MF curve of sample #3 (Fig. 1(b)) the SHG efficiency at high angles (e.g., 80° 
or higher) is about 5–7 times stronger than in the MF curves of all the other samples, which is 
caused by the stronger nonlinearity present near the anode surface in sample #3. Overall, the 
fact that the strength of the nonlinearity peak close to the anode surface is mostly visible at 
higher incidence angles establishes once again the importance of measuring MF curves up to 
high angles, as we suggested earlier.[14] 
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Fig. 4. Calibrated MF curves measured for (a) sample #1, (b) sample #6, and (c) sample #7. The solid 
curves in each figure are the theoretical MF curves computed from the recovered d33(z) profiles. (d) The 
recovered nonlinearity profiles of sample #1 (blue), #3 (red), #6 (black) and #7 (green).  

 
Once again, for comparison purposes we also show as solid curves in Figs. 4(a)-(c) the 

theoretical MF curves computed from the recovered profiles of Fig. 4(d). The agreement 
between these theoretical and the measured MF curves is again excellent, which further 
supports our results. The calculated total voltage drop across the nonlinear profiles of Fig. 
4(d) is 4.92 kV, 5.58 kV, and 5.34 kV for samples #1, #6, and #7, respectively, all in good 
agreement with the poling voltage (~5 kV). 

Finally, we investigated the effect of the film thickness on the induced nonlinearity 
profile. For this purpose, we poled sample #5, grown with a 33-sccm germane flow rate to a 
final thickness of 2 µm, in air at ~5 kV and 280 °C, for 10 min. Figure 5(a) shows the 
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measured calibrated MF curve for sample #5, and Fig. 5(b) the nonlinearity profile recovered 
from this curve. For comparison purposes, the nonlinearity profile of sample #3, which was 
grown at the same flow rate and poled under identical conditions but is thicker (4 µm), is also 
shown in Fig. 5(b). Note again that the nonlinearity peak is entirely contained in the film and 
the pedestal in the substrate. The two samples (# 3 and # 5) have very similar profiles, which 
was expected since they have the same material composition and were poled under the same 
conditions. However, the total depth of the nonlinearity is larger for sample #5 (~17 µm) than 
for sample #3 (~13 µm). We attribute this difference mostly to the fact that the 2-µm thick 
germanosilicate film in sample #5 acts as a weaker barrier for ion diffusion process than the 4-
µm film in sample #3. Furthermore, we believe that this charge spreading is at the origin of 
the weaker peak d33 coefficient in sample #5 (1.02 pm/V, vs. 1.6 pm/V in sample #3). Again, 
the theoretical MF curve computed from the recovered profile of Fig. 5(b) (solid curve in Fig. 
5(a)) is in excellent agreement with the measured MF curve, and the calculated total voltage 
drop across the nonlinear profile of sample #5 (4.96 kV) agrees very well with the poling 
voltage (~5 kV). 

 

Measured
 data points

Theoretical fit

S
H

G
 e

ffi
ci

en
cy

 (
a.

u.
)

(a)

Internal propagation angle (degree)

Sample # 5: 33 sccm, 2 µm thick

Depth from the anode surface (µm)

Sample # 3

0 10 20 30 40 50 60 70 80
0

1

2

3

4

5

0 2 4 6 8 10 12 14 16 18

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Sample # 5

(b)

d 
(p

m
/V

)

 
Fig. 5. Calibrated MF curve measured for (a) sample #5. The solid curves are the theoretical MF curves 
computed from the recovered d33(z) profiles. (b) The recovered optical nonlinearity depth profile of 
samples #3 (red) and #5 (blue).  

 

4. Conclusions 

We have reported measurements of the nonlinearity spatial profile of thermally poled 
germanosilicate films deposited on fused-silica substrates by PECVD. These films are 
interesting because they exhibit a low propagation loss and because they were expected to 
have a stronger nonlinearity than poled undoped silica due to the presence of Ge, which 
increases the third-order susceptibility of the glass. Inferred profiles all exhibit a sharp peak 
~0.5 µm beneath the anode surface, followed by a weaker pedestal of roughly constant 
amplitude and same sign down to a depth of 13–16 µm. These profiles are shallower and do 
not exhibit the sign reversal typical of poled undoped silica. These results suggest that during 
poling, the germanosilicate film significantly slows down the injection of positive ions from 
the anode surface into the structure. After optimizing the germane flow rate during deposition, 
the film thickness, and the poling time for maximum peak nonlinearity, we demonstrated a 
record peak nonlinear coefficient of ~1.6 pm/V, approximately twice as strong as the highest 
reliable value reported in a thermally poled fused silica glass. These findings are significant 
for the design of electro-optic devices using thermally poled germanosilicate thin films, 
especially for optimization of the overlap between the optical mode of the device and the 
nonlinear region. 
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