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Abstract—There is a growing need for compact, efficient inte-
grated waveguide optical amplifiers for use in optoelectronic com-
munication. Zn2Si0 5Ge0 5O4 (ZSG) doped with Er (ZSG–Er) is
a promising new host material due to the high concentration of
Er that can be incorporated and the high optical activity of the
incorporated Er. In this paper, the absorption and emission cross
sections of Er in ZSG–Er (to the authors’ knowledge, for the first
time) are measured both through photoluminescence spectra and
direct gain and absorption measurements. Peak absorption and
emission cross sections are about 3 10

24 m2 from a Landen-
burg–Fuchtbauer analysis of the photoluminescence spectra, com-
parable to measurements on other oxide-based glass amplifiers.
The population statistics of the excited Er level, along with the ex-
cited-state lifetime, are determined through a novel frequency-do-
main method in which the spontaneous emission power at 1550 nm
is measured as a function of frequency under a modulated 980-nm
input. The determined lifetime of 2 ms is comparable to the 2.3 ms
measured using a conventional pump–probe technique. The novel
analysis technique yields the population statistics of the excited Er
atoms and the lifetime of the excited Er state under given pumping
conditions independent of the unknown and variable coupling in
and out of the waveguide. This method predicts zero net gain at
70 mW, about what is observed. Comparison of calculated gain
and absorption based on Er density and measured cross sections
with measured gains suggest that only about 20%–30% of the Er
in the material is optically active. A 4.7-cm-long sample demon-
strated a signal enhancement of 13 dB. Cavity characteristics
were measured using an analysis of coherent reflection under no
pumping. The facet reflectivity was determined to be 0.27, and the
scattering/absorption loss was 1.05/cm, for a total distributed loss
of 1.65/cm in a 4-cm cavity. These losses, compared with an esti-
mated achievable gain of 0.25/cm under full inversion, suggest that
optically pumped lasing at this concentration is not possible. Mea-
surements of both the cross sections and population statistics, com-
pared with actual gain and absorption properties, give insight into
the contribution of the Er dopant under different conditions and
can be used to model and improve rare-earth-based amplifiers.

Index Terms—Erbium, optical amplifiers, waveguide amplifiers,
waveguide components.

I. INTRODUCTION

E FFICIENT integrated optical waveguide amplifiers are im-
portant components for optical communication networks.

Planar waveguide amplifiers [1]–[3] amplify the signal level in
the optical domain and can be easily integrated with other com-
ponents like modulators [4], multiplexers, and receivers. These
optically pumped amplifiers are made with erbium-doped [5],
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[6] chalcogenide and oxide glasses [7], [8]. Zn Si Ge O
(ZSG) doped with Er (ZSG–Er) is a promising new host mate-
rial [9]–[11] due to the high concentration of Er that can be in-
corporated and the high optical activity of the incorporated Er.
This material has demonstrated 1.5- m signal enhancement of

13 dB in a 4.7-cm fabricated ridge waveguide and scattering
losses as low as 2.4 dB/cm.

Although the basic amplification mechanism for all of these
glass-based amplifiers is the same, the properties of Er vary sig-
nificantly from host to host. To model, design, and optimize
these amplifiers and to improve the performance of Er in each
host, it is essential to understand the properties of the Er in the
host material [3], [12]. Understanding the interactions between
the Er and its host material is critical in optimizing the optically
pumped amplifiers and achieving the highest possible amplifi-
cation.

In this paper, the absorption and emission cross sections of
Er in ZSG doped with 0.1 atomic % Er are first determined
through analysis of the photoluminescence spectra (to the au-
thors’ knowledge, the first measurements of Er cross sections in
this host). A novel rate-equation-based analysis, combined with
measurement of the spontaneous emission power as a function
of both input pump power and pump power modulation fre-
quency, is used to measure the fraction of excited Er and the
Er excited lifetime under given pumping conditions. From the
measured population statistics and absorption/emission cross
section, calculated gain and absorption for given pumping con-
ditions are compared with directly measured gain and absorp-
tion. This comparison indicates the fraction of the included Er
that is optically active. Although the measured cross sections
of Er in ZSG–Er m are quite comparable to
good values in glass amplifiers [7], [8], [13]–[16], comparison
of measured gain with gain calculated with measured cross sec-
tions and the known Er concentrations and population statistics
clearly showed that the much of the Er in this material was not
optically active. The potential gain of ZSG–Er could be much
higher with an increase in the optically active fraction. The ex-
cited-state lifetime obtained with this technique agrees well with
measurements made using a conventional pump–probe tech-
nique [17], [18], and in addition the transparency point seen with
this technique compared well to that seen in a direct fiber-to-
fiber measurement [9], [10].

This can distinguish the effects of cross section (a property of
the optically active Er) from the fraction of optically active Er in
the device, which a simple gain measurement or cross-section
measurements cannot. By systematic study of cross sections, Er
lifetime, and fraction of optically active Er as a function of Er
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Fig. 1. SEM photomicrograph of a single ZSG waveguide; inset shows the
facet of the waveguide.

density, the mechanisms for gain quenching with concentration
can be studied.

The actual power that can be coupled out of the device de-
pends also on the cavity scattering and absorption loss and facet
quality. The facet reflectivity and absorption/scattering losses of
fabricated ridge-waveguide amplifiers made of ZSG–Er on Si
substrates was characterized through a simple coherent reflec-
tion technique.

II. DEVICE FABRICATION

The ZSG waveguide amplifiers were fabricated at the Na-
noelectronics Laboratory of the University of Cincinnati,
Cincinnati, OH. A detailed description of the fabrication
process can be found in references [9] and [10]. A thin film
from a nominally 99.9% Zn Si Ge O –Er target was
sputter-deposited at room temperature using a Denton Dis-
covery 18 sputtering system on a 2.5- m thermal oxide which
acts as the lower cladding to the waveguides. After sputtering,
the ZSG–Er ridge waveguides were fabricated by Cl–Ar-based
inductively coupled plasma (ICP) etching using a Plasmatherm
790 plasma reactor operated in the ICP mode. The waveguides
are typically 3–10 m wide and about 1 m thick with very
shallow etch depths 100 nm . After etching, the amplifiers
were fabricated either by scribing and cleaving the underlying
Si or polishing the exposed facets.

Fig. 1 shows a top view of a scanning electron microscope
(SEM) photomicrograph of a single completed ZSG waveguide,
with the inset showing a cleaved facet of the same. The wave-
length dependence of the refractive indexes of the ZSG film
was determined using prism coupling and variable wavelength
spectroscopic ellipsometry [9], [10] and was found to be 1.74
at 1.5 m. Full-wave simulations shows single-mode operation
of a 3- m-wide waveguide with an optical confinement factor

of the 1.5- m optical mode to the ZSG–Er region of 0.9.
Fig. 2 shows the graphical result of such a simulation, showing
the modal intensity across the cross section of the waveguide.

The sputtered films were characterized by Rutherford
backscattering (RBS) to measure the relative concentrations
of the atoms in the fabricated film. The uncertainty in the

Fig. 2. Full-wave simulation result showing single-mode 3-�m-wide
waveguide at a wavelength of 1.55 �m. The optical confinement to the ZSG–Er
area is > 0:90.

measurement was within 5% for O, 2% for Zn, and 1%
for Si and Ge. The results showed a stoichometric ratio of
Zn Si Ge O , a significant deviation from its nominal
composition. The peak erbium concentration in the ZSG–Er
film as found by the RBS technique is m , about
0.1 atomic %.

III. EXPERIMENTAL MEASUREMENT OF

CROSS SECTIONS AND LOSS

In order to obtain the emission spectra of Er in ZSG,
light from a 980-nm pump laser was launched into the cleaved
waveguide cavity through one arm of a 2 1 980-nm/1550-nm
coupler–combiner to excite the Er . The bare cleaved fiber
of the combined end was directly coupled to the waveguide,
and the reflected signal at 1550 nm was collected after being
transmitted back through the splitter and then through the 1550
arm of the coupler to an Ando 6715 optical spectrum analyzer
(OSA), where it is recorded.

The magnitude and wavelength dependence of the cross
sections are extremely important for predicting the maximum
achievable gain of the amplifier at any given level of inversion.
The emission cross-section spectrum is derived directly from
the photoluminescence spectra of the ZSG–Er waveguides
using the Ladenburg–Fuchtbauer equation [15], as follows:

(1)

where is the refractive index of ZSG , and
is the radiative lifetime of the state (measured to be 2
ms, as will be discussed hereafter). is the emission spec-
trum, and is the peak wavelength (1534 nm). Fig. 3 shows
the emission cross-section spectra from 1500 to 1565 nm. The
peak emission cross section, was 3 m at
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Fig. 3. Emission cross section of ZSG amplifiers (from 1505 to 1565 nm).

1534 nm. The absorption cross-section spectrum was de-
termined from the emission cross-section spectrum , using
the McCumber relation [14], [20], [21], as follows:

(2)

where and are the multiplicities of the and
levels, respectively ( and ), (zero-level en-
ergy) is the energy separation between the lowest levels of each
manifold, is the Boltzman constant, and the temperature in

.
For direct measurement of both gain and absorption, one fiber

was coupled to each facet of a waveguide amplifier. To mea-
sure the absorption spectra, light from a tunable laser (with a
wavelength range from 1480 to 1570 nm) was launched into
the waveguide through the input fiber, and the transmitted light
intensity through the output fiber was recorded using a sensi-
tive optical detector. (The waveguide is not pumped during this
measurement.) The absorption spectrum was obtained from this
transmitted spectrum after corrections for wavelength depen-
dence of the tunable laser output power and other components.
The general relationship between output and input power is

- -
(3)

with being the total gain (or loss) experienced in cm ;
absorption and emission cross section and , re-
spectively; and - and - indicating the number of Er
atoms in the ground and excited state, respec-
tively. The symbol is the coupling coefficient at the
fiber-waveguide interface, and is the length of waveguide

Fig. 4. Absorption cross-section spectrum of ZSG–Er waveguides: directly
measured (solid line) and using the McCumber equation (dotted line).

cavity (0.6 cm). For this unpumped absorption measurement,
- . The coupling is estimated by taking the highest

ratio of at wavelengths at which we expect minimal
absorption in the waveguide, that is, where the absorption cross
section is 0, and estimating from that. This is a particularly
reasonable assumption given our short cavity.

At the peak absorption wavelength of 1534 nm,
, which implies a absorption cross section of about

m , or a factor of about 2.5 less than seen through the
McCumber analysis of the photoluminescence spectra, if -
is taken to be an as-fabricated m . If the cross section
is assumed to be correct, the concentration of optically active Er
in the waveguides is about 30% of the total concentration.

Fig. 4 shows a plot of the absorption cross-section spectrum
made from direct absorption measurements with taken to
be m and also calculated indirectly using the Mc-
Cumber theory [14], [20]. With this “fit” value for the number
of optically active Er, the peak value of the absorption cross sec-
tions agree, and the shape of the curves are in reasonable agree-
ment throughout the spectrum. The peak value of the absorption
cross section was m at 1534 nm.

To characterize the facet reflectivity and internal loss of the
cavity, a 1.85-cm-long waveguide cavity was made by cleaving
opposite ends of a longer waveguide. The cavity is then char-
acterized as a lossy Fabry–Pérot (F–P) etalon [22], [23]. Light
from the tunable laser is fed into this cavity though one arm of
a single window 2 1 splitter using end-on coupling, and back-
reflected light is picked up using the same fiber and transported
through the splitter’s other arm to the optical power meter. An
isolator is included between the splitter and the tunable laser
to eliminate harmful back reflections that can destabilize the
laser output. The tunable laser wavelength is varied from 1540 to
1541 nm in steps of 0.01 nm, and the reflected power spectrum
is recorded at each wavelength. This measurement is shown in
Fig. 5, along with the best-fit curve. A periodic fluctuation in
received optical power was observed due to coherent interfer-
ence between the reflected light from the front- and back-facet
reflected waves and can be well modeled using the lossy F–P
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Fig. 5. Measured (dots) and fitted (line) plots for reflected power versus
wavelength, demonstrating coherent interference between front and back facet
from which reflectivity and absorption could be extracted.

etalon model [22], [23]. The irradiation equation for the re-
flected wave is

(4)

where is the absorption coefficient cm of the cavity, is
the reflectance of the facets, is the length of the cavity (1.85
cm), and is the refractive index of the core . The
obtained spectrum is now fitted to the above equation with re-
flectance and loss coefficient as fit parameters. Best fit
is obtained for 1.05 cm and .

While this does involve fitting to a complex curve, with a de-
gree of variability in assigning best-fit values to each of the pa-
rameters, the setup is particularly simple, involving just cou-
pling a fiber through a splitter to the waveguide facet, and a
remarkable amount of information can be obtained. Measure-
ments reported using the outscattering technique [9], [10] (in
which the loss was measured by photographing scattered light
from the top of the cavity and assuming the scattered light was
proportional to the light in the cavity) yielded a total optical loss

2.4 dB cm 1.7 cm (which includes the scattering
and absorption losses), which is of the same order as our ob-
tained result.

The maximum theoretical absorption loss (from the
absorption cross section and previously estimated opti-
cally active Er fraction) 0.3 cm (completely un-
pumped). The waveguide scattering loss, therefore, is given
by , or in the range of 1.4–0.8/cm.
To overcome this scattering loss with the Er population fully
inverted would require an optically active Er concentration of

m , about five times larger than the current amount
of active Er. Hence, optically pumped lasing is currently not
possible but may be with an increase in Er concentration of the

Fig. 6. Model of Er energy levels with relaxation time constants indicating the
process of optical pumping and relaxation.

order of five or potentially dramatically reduced waveguide or
scattering losses. (In addition to waveguide losses, the cavity
chosen would have to be long enough to minimize mirror losses
or be facet coated to be very highly reflective.)

IV. MODELING OF CAVITY Er STATISTICS AND Er LIFETIME

With the cross sections known from the photoluminescence
spectra, the net gain can be calculated if the Er population sta-
tistics (fraction of Er atoms in the excited state and ground
state ) are known. The net gain then experienced is given
in (3). However, it is very difficult to measure the population
statistics directly. While the pump laser can be set at a certain
output, the power coupled into the waveguide amplifier varies
and is typically not precisely known.

A careful analysis of the spontaneous emission power with
a three-level rate equation model for three Er levels shows that
both the population statistics and the Er excited-state lifetime
(which is also needed to determine cross sections) can be mea-
sured from the analysis of the spontaneous emission power at
1.54 m as a function of both 980-nm pump power and pump
modulation frequency. Fig. 6 shows a model of the three-level
Er system, as well as the processes used to pump it to achieve
amplification. Absorption of a 980-nm photon puts an electron
up to the level, where it rapidly relaxes down to the
level. The metastable manifold has a lifetime of a few mil-
liseconds (its precise number can be measured, as described)
and when it relaxes radiatively, a 1540-nm photon is emitted.
The time constants between the levels are shown in the figure.

The rate equations that model [11], [19] the absorption of
light by the Er atom, and the relaxation of the Er atom from
one state to another, are given as

(5a)

(5b)

(5c)

where represents the fractional population of Er atoms in
the state. , and are the characteristic lifetimes of
the , , and tran-
sitions, respectively. is a proportionality constant related to
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Fig. 7. Plot of the measured ( ) and fitted (�) peak spontaneous emission
power versus pump power of the 1.85-cm-long ZSG–Er amplifiers. Insert shows
typical set of photoluminescence spectra at various pump power levels (for an
amplifier of length 0.6 cm).

the coupling and absorption cross section at 980 nm, and is
the pump power. For a constant pump power, the levels are in
steady state with the left-hand side of each equation equal to
0; under these conditions, the measured spontaneous emission
power is equal to [11]

(6)

where is the coupling coefficient for both pump power in and
spontaneous power out, and and are fit parameters. Here, we
have neglected the effects of facet reflection and spatial popula-
tion inhomogeneity, and obtained an “average” population den-
sity of the entire cavity.

With this model in mind, the peak spontaneous emission
power at 1.53 m was measured as a function of the pump
power for a 1.85-cm-long sample and is shown in Fig. 7, along
with a best-fit curve. The insert shows a typical data set of pho-
toluminescence spectra taken at several different power levels.
The observed roll-off is well modeled by the rate-equation
model as given in (6).

Fitting the measured roll-off to the obtained equation allows
the populations of the Er atoms to be determined as function
of pump power, which allows the expected gain to be calcu-
lated. The population inversion of Er can be estimated without
an exact knowledge of coupling coefficient. With an estimated
coupling of 5%, can be related to 980 nm and is estimated
to be about – m . Since (due to
the very rapid relaxation from the state), the population
densities ( and ) can be calculated as a function of
pump power for the same 1.85-cm sample, as shown in Fig. 8.
Using both measured population statistics and absorption and
emission cross sections, the gain per centimeter can be calcu-
lated as , with the density of
optically active Er atoms.

Fig. 8. Fractional populations of the I and I levels for different
pump powers.

Fig. 9. Calculated and measured gains of a 1.85-cm ZSG–Er amplifier.

Fig. 9 shows the total gain for a 1.85-cm sample compared
with the actual gain determined from an available measured
4.7-cm sample (appropriately scaled to 1.85 cm, assuming a uni-
form gain/unit length). Good agreement with the measured gain
was obtained with set to m . This is approximately
0.02 atomic %, which is less than the 0.09% nominal Er den-
sity (using RBS measurement). Both the values and the trans-
parency point were reasonably well predicted. Similar to the ab-
sorption case, only about 20% of the total Er density was active
in providing optical gain. In this simple model, we neglect spa-
tial inhomogeneity inside the cavity, the 0.9 confinement factor
of the light to the gain region, and potential nonradiative relax-
ation paths from the excited to the ground state .
These factors may also contribute to the discrepancy between
measured and expected gain. This model and values of cross
section predict a maximum achievable gain in this material of
about 0.3 /cm when completely inverted, considering 20% of
the Er atoms to be optically active.
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This technique can also be extended to provide a simple tech-
nique to measure , the lifetime of the Er in the excited
state. A physical setup similar to that of the emission spectrum
experiment is used, with the pump laser modulated by a small
ac signal superimposed on the dc power. The driving term in
the rate equations is replaced by , as are the
other output terms, as follows:

(7a)

(7b)

(7c)

(7d)

where represents the total variable, is the dc component,
and is the time-varying component. The rate equations are
solved by combining (7) into (5) and solving for the response
of time-varying spontaneous emitted power divided by pump
power. Using the rate-equation values and including the steady-
state solution, the small-signal response of emitted 1.55- m
power/modulation power is given by

(8)

where

(9)

making the reasonable simplifying assumption that
and . Qualitatively, this assumption can be explained by the
relatively long lifetime of the Er level; at high modula-
tion frequencies of the input power, the slowly changing popu-
lation of can not keep pace with the rapid modulation of
pump power. The dependence on of has to do with the
reduced “effective” modulation as the dc population of ground
state reduces with higher pump power.

To measure experimentally, the modulated peak sponta-
neous emission signal is recorded using the OSA as a tunable
filter, centered at the peak wavelength 1534 nm. The analog
output of the OSA is used as an input to the Princeton elec-
tronics lock-in amplifier locked to the modulating frequency.
Using this lock-in technique, modulations in the output power
can be clearly seen; the amplitude of the modulated output is
measured as a function of frequency and fit to (8) to obtain a
value of . Measurements and fits with two different pump
power levels gave a value for .

Fig. 10 shows the measured and fitted plots for the decrease
in signal power with modulation frequency for two different
pump power inputs. Best fit is obtained for 1.42 and
1.87 ms for pump powers of 10 and 40 mW, respectively. Fi-
nally, the Er lifetime is determined using (9) from
the two different effective lifetimes to be 1.98 ms, very close
to the value reported using time-resolved photoluminescence of
2.3 ms [17], [18].

V. RESULTS AND DISCUSSION

Characterization of the absorption and emission cross section
gave cross sections about – m , typical of what as

Fig. 10. Variation of modulated signal power at 1534 nm versus frequency for
two different pump powers. Dots ( ) signify actual data points and solid lines
(�) are fits.

has been reported in other Er-glass optically pumped amplifiers.
Measurement of spontaneous emission power, combined with
a novel rate-equation analysis, gave a measurements of Er ex-
cited-state lifetime (about 2 ms, consistent with that made using
conventional pump–probe techniques) and an estimate of the
Er population statistics. These population statistics allow us to
compute the expected gain and absorption and compare it di-
rectly with the measured gain and absorption.

Comparison for absorption suggests that only 20%–30% of
the Er atoms were optically active and participating in resonant
absorption. This is a surprisingly large fraction of inert Er and
is under investigation. The stoichometry was sufficiently differ-
ently from nominal that different Er atoms could have been in
different immediate chemical environments or have been altered
from their nominal Er state, with potentially reduced activity.

The fraction of Er that contributed to gain was about 20% of
the total Er concentration, or about two thirds of that partici-
pating in absorption. The fraction of optically active Er is much
lower than the as-doped Er fraction, and increasing this fraction
would have a dramatic effect on the overall amplifier charac-
teristics. It is possible that optimized sputtering conditions, or
incorporating Er via implantation followed by annealing, would
increase this proportion. For future study, it would be interesting
to measure cross sections and optically active fraction as a func-
tion of the concentration to study the mechanisms of concentra-
tion quenching and ultimate improve the active fraction of Er in
a doped sample.

The method used to determine the Er population statistics
and Er excited-state lifetime is quite powerful. Without pre-
cise knowledge of the coupling or the use of a pump–probe
time-domain technique, both lifetime and pump level can be
determined, using a single fiber butt coupled to the facet. The
simplicity relies on a lumped model for the Er statistics and
does not include spatial inhomogeneity within the cavity. The
Er lifetime calculated here from this method of 2 ms agrees
quite well with the 2.3 ms measured from a direct pump–probe
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method. The power level at which transparency is predicted
(with ) obtained through the analysis of
spontaneous emission characteristics also agrees well with the
measured zero-gain point. These both support the basic validity
of this model.

VI. CONCLUSION

ZSG–Er is a very promising new material for optically
pumped waveguide amplifiers. The measured cross sections
and gain characteristics are quite good, and the measured gain
of 2- and 13-dB signal enhancement in a 4-cm-long device is
comparable to that of other Er-in-glass waveguide amplifiers
[3], [8], [9], [14]. Cavity characteristics as fabricated also show
low absorption and scattering loss, indicating the potential for
good fiber-to-fiber gain.

The cross sections, measured through analysis of the photo-
luminescence spectra, are – m . The Er lifetime
and population statistics were determined in a novel way by
measurement of the spontaneous emitted power and analysis
using a rate-equation-based model and showed good agreement
with independently measured Er lifetime and transparency point
measurements on fabricated cavity waveguides. This simple and
powerful technique agreed well with more direct measurements
of the Er lifetime and Er population statistics as a function of
pump power.

Analyzed with this technique, the fraction of optically ac-
tive Er in these structures was determined to be 20%–30%. This
factor is significantly impacting the maximum gain obtainable
from these devices. It is unclear why such a large fraction of the
Er is optically inert, and this is under investigation. It may be
due to the Er dopants being in a variety of chemical sites within
the glass.

This technique can be also used to study the dynamics of Er
in other hosts, and in addition, the change in Er dynamics as a
function of concentration in a given host and the mechanism of
concentration quenching of the gain.
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