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Active media with high rare-earth concentrations are essential for small-footprint waveguide amplifiers. When
operating at high population inversion, such devices are often affected by undesired energy-transfer processes and
thermal effects. In this work, we study a 32-μm-thick epitaxial layer of KGd0.43Yb0.57�WO4�2, representing an
Yb3� concentration of ∼3.8 × 1021 cm−3, grown on an undoped KY�WO4�2 substrate. The pump absorption,
luminescence decay, and small-signal gain are investigated under intense pumping conditions. Spectroscopic sig-
natures of an energy-transfer process and of quenched ions, as well as thermal effects, are observed. We present a
gain model which takes into account excessive heat generated due to the abovementioned experimental obser-
vations. Based on finite-element calculations, we find that the net gain is significantly reduced due to, first, a
fraction of Yb3� ions not contributing to stimulated emission, second, a reduction of population inversion owing
to a parasitic energy-transfer process and, third, degradation of the effective transition cross-sections owing to
device heating. Nevertheless, a signal enhancement of 8.1 dB was measured from the sample at 981 nm wavelength
when pumping at 932 nm. The corresponding signal net gain of ∼800 dB∕cm, which was achieved without
thermal management, is promising for a waveguide amplifier operating without active cooling. © 2018

Optical Society of America

OCIS codes: (160.5690) Rare-earth-doped materials; (130.3130) Integrated optics materials; (140.4480) Optical amplifiers;

(140.3615) Lasers, ytterbium.
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1. INTRODUCTION

Potassium rare-earth double tungstate crystals doped with
trivalent ytterbium, KRE�WO4�2:Yb3�, have been widely used
for microchip [1,2], mode-locked [3], and high-power lasers
[4,5]. The KRE�WO4�2:Yb3� gain medium exhibits transition
cross-sections significantly higher than those of many other
Yb3�-doped materials, such as YAG:Yb3� [6,7]. By use of a
lattice-engineering approach [8–10], a crystalline waveguiding
epitaxial layer with high amounts of Yb3� ions can be grown
onto an undoped KY�WO4�2 substrate, enabling efficient
continuous-wave (CW) [11] and Q-switched [12–14]
KRE�WO4�2:Yb3� planar waveguide lasers. By further
micro-structuring of the KRE�WO4�2:Yb3� waveguide layer,
low-threshold [15], high-efficiency [16], and tunable [17] chan-
nel waveguide lasers can be realized. With such an approach, a
record-high net gain of 935 dB/cm at 981 nm wavelength was
achieved in aKRE�WO4�2 waveguide amplifier with 47.5 at. %

Yb3�, which is equivalent to a concentration as high as ∼3.0 ×
1021 cm−3 [18]. Such a compact waveguide amplifier operating
at ∼1000 nm wavelength is beneficial for scaling of short-reach
interconnects in photonic integrated circuits, high-performance
computing systems, and data centers [19–22]. As the net gain
achieved in KRE�WO4�2:Yb3� is more than an order-of-
magnitude higher than those of other singly doped Nd3� or
Yb3� gainmedia [23–26], it is worthwhile to investigate the gain
properties of KRE�WO4�2:Yb3� epitaxial layers with further
increased Yb3� concentration.

Operating a heavily doped device under high excitation den-
sity is known to be challenging and often inhibited by various
undesired effects. For instance, a power-dependent nonexpo-
nential decay behavior was reported in YbAG crystals, indicat-
ing the presence of a parasitic energy-transfer process [27].
Besides, quenched ions with a short excited-state lifetime were
identified in various Er3�- [28–31] and Yb3�-doped [32–34]
materials. These ions are normally not detected in lifetime
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measurements and do not reveal their quenched nature in
small-signal absorption measurements but can induce nonsa-
turable pump absorption [28,34]. In addition, various abnor-
malities associated with thermal effects were reported in
thin-disc gain media with high Yb3� concentrations. For exam-
ple, an additional decay process with large heat generation was
observed in a YAG:Yb3� laser at high excitation density, result-
ing in limited gain and reduced laser efficiency [35]. Besides,
excessive heat generation leading to the termination of CW op-
eration and a rapid decline in lasing power [36] was observed in
a laser based on a KLu�WO4�2:(52 at. %)Yb3� epitaxial layer.
A similar observation was reported from laser experiments in a
KYb�WO4�2 crystal, in which a short pump-pulse duration was
needed to minimize thermal effects [37]. Thus far, most of
these abnormalities were studied based on device performance.
There are limited reports on the investigation of their origin
[38] and their correlation with device performance.

In this work, we investigate the gain dynamics in a
KGd0.43Yb0.57�WO4�2 (i.e., 57 at. % Yb3�) epitaxial layer, rep-
resenting a high ytterbium concentration of ∼3.8 × 1021 cm−3.
Power-dependent luminescence-decay and pump-absorption
measurements are performed to identify potential energy-
transfer and fast quenching processes. In addition, a gain model
which accounts for an energy-transfer process, quenched ions,
and thermal effects is established. The modeled and experimen-
tal gain results are compared to obtain further insight into the
achievable gain in KGd0.43Yb0.57�WO4�2 without thermal
management.

2. EXPERIMENTAL

A KGd0.43Yb0.57�WO4�2 layer was grown onto a commercially
available b-oriented, 1 mm × 10 mm × 10 mm KY�WO4�2
substrate (Altechna) by liquid-phase epitaxy [6,10]. The rear
surface of the sample was lapped and polished to remove
the excess growth layer, whereas its front surface was lapped
and polished parallel to the substrate, resulting in a final layer
thickness of ∼32 μm [6]. The prepared active layer is consid-
erably thicker than layers typically used for waveguide devices
(∼2–6 μm) in order to allow direct examination of the material
characteristics by launching optical beams perpendicular to the
layer. The sample was mounted on a small holder made of thin
copper plates with a clear aperture of ∼8.6 mm × 8.6 mm. No
special thermal management was applied to the sample during
all measurements.

A confocal luminescence lifetime measurement setup [39]
was used for power-dependent luminescence-decay measure-
ments. The nondestructive confocal measurement suppresses
radiation trapping [40] via a small pumped volume and dis-
crimination of re-emitted luminescence from the unpumped
region. In addition, it allows for investigation of the decay-time
behavior under high excitation density, which is similar to the
operating condition of an amplifier. A diode laser wavelength-
stabilized by a fiber Bragg grating at 981 nm wavelength
(Gooch & Housego) was used as the excitation source. The
excitation beam was modulated at 233 Hz with 50% duty cycle
using a laser diode controller (Newport 6100) to allow for com-
plete relaxation of the Yb3� ions between two excitation pulses.
The laser diode was used for lifetime measurements, because its

electronically modulated output beam possesses a consistent,
short fall time throughout the experiment.

The experimental setup used for signal-enhancement
measurement is shown in Fig. 1. A CW Ti:Sapphire laser
(Spectra-Physics 3900S) tuned to 932 nm wavelength was used
as the pump source. By pumping at the local absorption peak of
KGd0.43Yb0.57�WO4�2 at ∼932 nm, the high emission cross-
section at ∼981 nm [6] can be leveraged for signal amplifica-
tion. The pump power was controlled by a half-wave plate and
a Glan polarizer. The signal beam at ∼981 nm wavelength with
a bandwidth ≤ 1 nm was obtained with a supercontinuum
light source (Fianium SC-450) passing through a monochro-
mator. It was mechanically chopped at 233 Hz for lock-in de-
tection to discriminate the detected 981 nm wavelength signal
from spontaneous emission produced by the sample and from
different background noise sources. A small launched signal
power (<100 nW) was used to ensure signal amplification
within the small-signal-gain regime. Both pump and signal
beams were combined using a dichroic mirror and subsequently
focused perpendicularly onto the sample at EkNm polarization
using a microscope objective (MO). To ensure a good overlap
of pump and signal beams, the foci were characterized using a
beam profiler (Thorlabs BP209) mounted onto a motorized
linear stage, and the beam-expander optics were adjusted for
optimal beam overlap prior to the experiment. The residual op-
tical beams passing through the sample were collected using
another MO and subsequently directed to a light guide which
was connected to a spectrometer (Jobin Yvon iHR550)
equipped with a cooled InGaAs detector. The combination
of a high-performance pump filter (Techspec #66-238) with
cutoff wavelength at 950 nm and a dispersive grating in the
spectrometer ensured that the residual pump power was much
lower than the 981 nm wavelength signal power. The lock-in
signals recorded with and without pumping were used to evalu-
ate the signal enhancement.

Pump-transmission measurements were performed using
the setup shown in Fig. 1, with only the pump beam switched
on, to deduce the pump power absorbed by the sample. The
pump power at 932 nm wavelength was measured using a
thermopile (Coherent FieldMaxII, PM10) before the incident
MO and after the collection MO. The launched and absorbed
pump powers were deduced after correcting for the objective
transmittances and Fresnel reflections on the sample.

Fig. 1. Schematic of pump–probe measurement setup. The signal-
enhancement measurement was performed using a 932 nm pump
beam and 981 nm signal beam. The same setup was used to measure
pump absorption and luminescence spectra with only the pump beam.
The abbreviation MO represents the microscope objective.
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The forward-propagating near-infrared luminescence spec-
tra were measured using the same setup as shown in Fig. 1
in a separate experiment by launching only the pump beam
into the sample. The recorded luminescence spectra were cor-
rected for spectral response of the detection system determined
using a calibration lamp (Ocean Optics LS-1-CAL).

3. GAIN MODEL

Since the energy-level scheme of the Yb3� ion consists only of
the 2F7∕2 ground-state and the 2F5∕2 excited-state manifolds, a
two-level system is used to model the gain and loss of optical
beams. This is based on the consideration that the Yb3� ions
excited to the upper Stark level of the 2F5∕2 manifold undergo
rapid relaxation to the lower Stark level of the same manifold
within a time scale much shorter than the excited-state lifetime.
Hence, the quasi-three-level system can be modeled with only
two energy levels.

The gain model presented in this work is modified from
[28]. It takes into account two distinct classes of Yb3� ions,
namely, active ions and quenched ions, which participate in
pump absorption. The active ions decay by infrared lumines-
cence to the ground state with an excited-state luminescence
lifetime τa. The quenched ions, on the other hand, have a non-
radiative lifetime τq which is significantly shorter than τa. The
total density of active and quenched ions residing in the ground
state and excited state follows

N 0a∕q � N 1a∕q � f a∕qN Yb, (1)

where N Yb is the density of Yb3� ions and N 0 and N 1 are the
respective density of ions in the ground state and excited state.
The subscripts a and q indicate active and quenched ions, re-
spectively. f a∕q represents the fraction of active or quenched
ions, with the boundary condition of f a � f q � 1.

The rate constants of absorption and stimulated emission on
the 932 nm pump transition, Rp,01 and Rp,10, and the 981 nm
signal transition, Rs,01 and Rs,10, respectively, are calculated
as [41,42]

Rp,01 � Ipσabs�λp,T � · λp
hc

, (2a)

Rp,10 � I pσem�λp,T � · λp
hc

, (2b)

Rs,01 � I sσabs�λs,T � · λs
hc

, (2c)

Rs,10 � I sσem�λs,T � · λs
hc

, (2d)

where I represents the optical intensity in W∕m2, h is Planck’s
constant, and c is the speed of light. σabs and σem are
the effective absorption and emission cross-sections, respec-
tively, at wavelength λ and temperature T . The subscripts p
and s denote pump and signal, respectively. Considering that
both pump and signal beams possess a Gaussian beam profile
in the x–y plane, their lateral intensity profiles, I p,s, can be
modeled with

I p,s � �2Pp,s∕πw2
p,s� exp�−2�x2 � y2�∕w2

p,s �, (3)

where P represents the optical power, and w denotes the
Gaussian beam waist. The parameters N , σ, R, and I in

Eqs. (1)–(3) are spatially dependent. Although the light path
through the active layer is only 32 μm long, the high dopant
concentration and large absorption cross-section result in a
large fraction of pump light being absorbed, thereby inducing
a significant variation of these parameters along the z direction.
The xyz discretization for these parameters is taken into
account implicitly, but their spatially dependent notation will
be omitted in the subsequent discussion.

The rate equations which govern the change of density of
the Yb3� ions in the two energy levels are

dN 1a∕q

d t
� �Rp,01 � Rs,01�N 0a∕q − �Rp,10 � Rs,10�N 1a∕q

−
N 1a∕q

τa∕q
− 2W ET�N 1a∕q�2, (4)

dN 0a∕q

d t
� −

dN 1a∕q

d t
: (5)

Besides the pump and signal transitions which are typical for
the rate equations of Yb3�-doped materials, the model includes
an energy-transfer (ET) process identified in our pump-
dependent luminescence-decay measurements, which will be
shown in Section 4.A. The physical origin of this ET process
is currently unknown. However, since the luminescence-decay
curves exhibit the typical shape of a Bernoulli curve, see Eq. (7),
we chose Grant’s model [43], which assumes an infinitely fast
energy-migration rate, leading to a “sea” of excitations in the
metastable excited state, which are smeared out over the excita-
tion volume. The nonlinear behavior of the ET process is then
considered in the rate equations by the term 2W ETN 2

1, where
W ET is the macroscopic ET parameter in units of cm3∕s,
and the factor of 2 accounts for the interaction in which two
ions are assumed to leave the excited state. This is similar to
a cooperative upconversion process between two neighboring
Yb3� ions (although we have not found a clear signature of this
process in the visible luminescence spectrum) or an energy-
transfer-upconversion process between neighboring Er3� ions
in the upper amplifier level [28] (although such a process is
not possible in Yb3�). Consequently, the evolution of excited-
state population density after cutoff of pump power during
luminescence-decay measurements is modeled with [44]

dN 1a�t�
d t

� −
N 1a�t�
τa

− 2W ETN 2
1a�t�, (6)

which can be solved as

N 1a�t� �
N 1a�0� exp�−t∕τa�

1� 2W ETN 1a�0�τa�1 − exp�−t∕τa��
: (7)

N 1a�0� represents the density of active excited ions upon cutoff
of pump power at time zero. It can be estimated by varying the
excitation conditions. The value of W ET can be quantified via
simultaneous fitting of luminescence-decay curves measured
under different excitation conditions.

The solutions of Eqs. (4) and (5) can be simplified in the
case of small-signal amplification. Under such condition, the
amplified signal is much weaker than the pump, I s ≪ I p, and
does not induce appreciable depletion of population from the
excited state. Besides, assuming that τq is infinitesimally small,
any excited quenched ions will return to the ground state
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instantaneously, i.e., N 1q � 0. In other words, the quenched
ions only participate in the absorption of pump and signal pho-
tons. These considerations have two direct implications. First,
pump absorption and thermal calculations can be de-coupled
from the signal loss/gain calculation, because N 1 and N 0 are
now dependent only on the pump intensity. As a result, the
heat generated in the layer can be calculated by solving
the pump absorption and heat generation iteratively. Second,
the assumption made on τq eases the calculations involving the
ET process because the simplified model contains only one
quadratic equation.

Under CW pumping, the steady-state condition dN∕d t �
0 applies. Thus, N 1a in Eq. (4) can be solved as

N 1a �
−Ba �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
a − 4ACa

p
2A

, (8)

where

A � 2W ET, (9a)

Ba � Rp,10 � Rp,01 �
1

τa
, (9b)

Ca � −f aN YbRp,01, (9c)

for numerical calculations including the ET process, and

N 1a �
Rp,01

Rp,01 � Rp,10 � τ−1a
, (10)

for numerical calculations excluding the ET process.
The evolution of pump power Pp and signal power Ps along

the propagation direction z is calculated according to

dPp

dz
� �σem,pN 1a − σabs,p�N 0a � f qN Yb��Pp − αpPp, (11)

dPs

dz
� �σem,sN 1a − σabs,s�N 0a � f qN Yb��Ps − αsPs, (12)

where αp∕s is the propagation-loss coefficient in the medium,
and σabs∕em,p∕s denotes σabs∕em�λp∕s,T �. Since the propagation
loss for devices made of KRE�WO4�2:Yb3� at ∼1000 nm
wavelength is typically <0.04 dB∕cm [15], both αp and αs
are considered to be negligible (i.e., αp � αs � 0), as compared
with the absorption and emission terms in Eqs. (11) and (12).

To account for thermal effects, the power per unit volume
deposited as heat in the device is determined by [45,46]

Q th�x, y, z� � ηhαabs,pI p�0� exp�−αabs,pz�, (13)

where ηh is the fractional heat load, and αabs,p is the pump-
absorption coefficient with a magnitude given by the expression
within the square bracket in Eq. (11). I p�0� represents the
incident pump intensity at z � 0 with a Gaussian profile as
described by Eq. (3).

The fractional heat load ηh represents the fraction of ab-
sorbed pump power per unit volume which is converted into
heat. It consists of the fractional heat loads originating in the
quantum defect, ηQD, the ET process, ηET, and the rapid
quenching process, ηq:

ηh � f a�ηQD � ηET� � f qηq: (14)

The quantum defect is defined by the fractional amount of ab-
sorbed photon energy which is converted to heat due to the
difference of energy between the absorbed and emitted
photons

ηQD � 1 − λp∕λm, (15)

where λm is the mean emission wavelength estimated using

λm�T � �
Z

λσem�λ,T �dλ∕
Z

σem�λ,T �dλ: (16)

Here, λm is chosen, because, in contrast with a laser, an ampli-
fier operating in the small-signal-gain regime does not possess a
single dominating emission wavelength. The chosen values are
ηQD � ηET � 6.4% and ηq � 100% (for further explanations,
see Appendix A).

The temperature profile of the sample is governed by the
heat-conduction equation and the boundary conditions
between sample and external environment where the heat
exchange occurs [47]:

−kth∇2T �x, y, z� � Q th�x, y, z�, (17)

∂T
∂n

� hT �T ext − T �, (18)

where kth is the thermal conductivity, n is the normal to the
boundary surface, hT is the heat transfer coefficient, and
T ext is the external temperature of the thermal contact.

The three-dimensional optical-beam and thermal profiles
were solved using a finite element method with xyz discretiza-
tion (Comsol Multiphysics 5.3). The sets of solutions were ob-
tained by solving Eqs. (1)–(3) and (8)–(18) self-consistently
using material parameters given in Appendix A. Only a quarter
of the sample was modeled to leverage the symmetry property
of the sample and the propagating beams.

4. RESULTS AND DISCUSSION

A. Luminescence Decay

Luminescence-decay curves measured with different launched
diode-laser power Pp are shown in Fig. 2. At a low Pp of
1.44 mW, the decay curve is close to an exponential decay.
However, with increasing Pp, the detected decay curves exhibit
an increasingly nonexponential decay, and an initial fast decay
upon cutoff of the pump power is observed. The nonexponen-
tial decay behavior indicates that an ET process is present,
which leads to additional depletion of the excited state. By
simultaneously fitting the eight decay curves shown in Fig. 2
using Eq. (7), a W ET value of 1.3 × 10−18 cm3∕s is extracted.

The presence of an energy-transfer process in an Yb3�-
activated material is intriguing, as the Yb3� ion has only
two manifolds within the 4f subshell. Power-dependent non-
exponential decay behavior similar to that observed in the
present work was reported in YbAG crystals [27] and was
attributed to cooperative energy transfer from two Yb3� ions
to an Yb2� ion. However, the presence of Yb2� has not yet
been reported in KRE�WO4�2:Yb3�, although it is known to
exist in certain as-grown crystals such as YAG:Yb3� [48] and
LuAG:Yb3� [49]. Given that the experimental data can be de-
scribed by Bernoulli’s Eq. (7), the observed energy-transfer
behavior is possibly caused by cooperative upconversion

Research Article Vol. 35, No. 9 / September 2018 / Journal of the Optical Society of America B 2179



involving two excited Yb3� ions in close proximity, forming a
single quantum system and jointly emitting one green photon
[50]. However, we have detected only weak green upconversion
luminescence in the relevant spectral region besides small
amounts of visible upconversion luminescence that can be
attributed to Er3� and Tm3� impurities. At present, the exact
physical mechanism responsible for the observed behavior re-
mains unclear and may well be of a different nature. Answering
this question would require a separate in-depth spectroscopic
study, which is beyond the scope of the present work.

B. Pump Absorption

It is apparent from Eq. (13) that the heat generation in the
sample is highly dependent on absorbed pump power. As such,
the pump-absorption characteristic of the sample at 932 nm
wavelength is investigated by comparing experimental and
numerical results. The measured data points of pump absorp-
tion versus launched pump power are plotted in Fig. 3 as
squares. The pump absorption is defined as

Ap � −10 log10�Pp�t layer�∕Pp�0��, (19)

where Pp�0� is the launched Ti:Sapphire pump power at the
front surface, and Pp�t layer� is the residual pump power at
the rear surface of the epitaxial layer after correcting for the
transmittance of microscope objective and Fresnel reflection
of the sample. The pump absorption calculated with the finite-
element method using various sets of parameters is shown as
lines in Fig. 3. These results consider the pump-induced heat-
ing, the changes of effective transition cross-sections due to
temperature-dependent Boltzmann populations and transition
linewidths, and thermal conductivities due to the heat gener-
ated within the layer.

The numerical result calculated using the typical model for
Yb3�-doped devices, i.e., without both ET process and
quenched ions (dashed line in Fig. 3), show more intense sat-
uration of pump absorption than the experimental results. The

numerical result suggests that bleaching of the ground-state
population should occur at high pump power, which in turn
results in low fractional pump absorption at higher pump
power. The ET process, as identified in the previous subsection,
serves as an additional decay channel that depopulates the ex-
cited state. Therefore, the pump absorption calculated under
consideration of the ET process (dotted line) is increased be-
cause a significant amount of ions is available in the ground
state even when the pump intensity is high. Nevertheless, there
is still a discrepancy between the experimental and numerical
pump-absorption results, even though the ET process has been
taken into account. The additional nonsaturable pump absorp-
tion is addressed by considering that ∼15% of the Yb3� ions
are rapidly quenched, in addition to the ET process. In
Al2O3:Yb

3�, a similar nonsaturable absorption was observed
and attributed to 11% of Yb3� ions being quenched at a dop-
ant concentration of 6.6 × 1020 cm−3 [34]. The pump-absorp-
tion result calculated under consideration of these two factors is
shown as a solid line in Fig. 3 and is in reasonable agreement
with the experimental results. The fluctuations of the experi-
mental data as compared with the calculated curve are likely
due to the relatively large measurement uncertainty, which is
estimated as �0.17 dB when considering 2% of measurement
uncertainty from the power meter. The stronger fluctuations at
low pump power are due to inaccuracies of the thermal power-
meter head at these low power levels.

C. Near-Infrared Luminescence Spectra

Figure 4(a) shows the near-infrared luminescence spectra at
various launched pump-power values Pp. Three emission peaks
are observed at ∼981, ∼1000, and ∼1023 nm wavelengths that
correspond to the E10 → E00,E10 → E01, and E10 → E02

Fig. 3. Comparison of experimental pump-absorption data
(squares) and pump-absorption results calculated with various settings
(lines). The dashed line represents the modeled result without consid-
ering the ET process and quenched ions (i.e.,W ET � 0 and f q � 0).
The dotted line shows the modeled result, which accounts for the ET
process but not the quenched ions (i.e., W ET � 1.3 × 10−18 cm3 s−1

and f q � 0). The solid line is calculated with the consideration of
both the ET process and quenched ions (W ET � 1.3 × 10−18 cm3 s−1

and f q � 0.15).

Fig. 2. Luminescence-decay curves (blue) measured with different
launched diode-laser power Pp. The yellow lines represent fitted curves
using Eq. (7).
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transitions, respectively; see the inset of Fig. 4(a). With increas-
ing pump power, a smoothening emission spectrum is
observed, and the emission peaks at 1000 and 1023 nm wave-
lengths become less distinguishable. In addition, the ratio of the
magnitude of the 981 nm emission peak to that of the 1000 nm
emission peak decreases with increasing Pp. This is in contrast
to the typical case of amplified spontaneous emission, in which
the emission peak at 981 nm would narrow and increase with
higher pump power.

Further analysis was performed on the spectra via multiple-
peak fitting by assuming three Lorentzian peaks using a
data-analysis program (Origin 9.1). The extracted full-width-
at-half-maximum (FWHM) values for the main emission peak
at 981 nm wavelength for different Pp values are plotted in
Fig. 4(b). A significant increase in FWHM is evident over
the entire Pp range investigated. The linewidth broadening
is in line with the temperature-dependent behavior of the emis-
sion cross-section spectra [6], signifying that a thermal effect is
present in the gain medium even under low Pp.

D. Small-Signal Gain

During the pump–probe experiment, the lock-in signal inten-
sity is recorded when the pump is launched (I on) and when the
pump is blocked (I off ). The signal enhancement is defined by
the expression

γ � 10 log10�I on∕I off �: (20)

The net gain per unit length, g , of the sample is determined by

g � �γ∕t layer� − αtotal, (21)

where αtotal is the total signal loss per unit length due to propa-
gation loss αs and absorption by the unpumped Yb3� ions:

αtotal � αs � 10 · log10e · σabs�λs,T � · N Yb: (22)

As mentioned in Section 3, the propagation loss αs is typically
<0.04 dB∕cm [15]; hence, it is negligible as compared with
the absorption loss due to Yb3� ions in the epitaxial layer,
10 log10eσabs�λs,T �N Yb. During the experiment, Ion was re-
corded first in the presence of the pump beam, and I off was
recorded right after the pump beam was blocked. Therefore,
it is assumed that the pump-induced heating persists, as the
dissipation of heat would take place at a comparatively longer
time scale. Consequently, the absorption loss due to Yb3� ions
in the ground state is deduced using the calculated averaged
temperature T p within the pumped volume, V p ≈ πw2

pt layer,
and the net gain per unit length is calculated accordingly.

The experimental and modeled signal-enhancement results
are shown in Fig. 5(a). The maximum signal enhancement
measured at ∼475 mW launched pump power is 8.13 dB. The
modeled signal enhancement under consideration of the ET
process, 15% quenched ions, and thermal effects is in reason-
able agreement with the experimental results. The numerical
calculation shows that T p can rise from 27˚C with pump
off to 62.8˚C at Pl � 475 mW. Considering in Eq. (22) the
reduced absorption cross-section of 1.058 × 10−19 cm2 calcu-
lated at T p � 62.8°C, a total signal absorption of 5.59 dB
is deduced. Consequently, a peak net-gain value of 2.54 dB,
or 793.75 dB/cm, is obtained based on the signal-
enhancement data.

Fig. 4. (a) Normalized luminescence spectra recorded with different
Ti:Sapphire launched pump power Pp. The inset illustrates the rel-
evant transitions contributing to a large part of the observed emission
at the corresponding wavelength. (b) Evolution of the linewidth
(FWHM) of the decomposed peak at ∼981 nm with increasing Pp.

Fig. 5. (a) Experimental and modeled signal enhancement. The cal-
culated mean temperature within the pump volume is shown on the
right y axis. (b) Corresponding results of net gain per unit length. The
net gain per unit length calculated without considering the ET process
and quenched ions is shown in (b) as a dashed line.
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Comparison of themodeled gain in Fig. 5(b) reveals amarked
difference in gain performance when considering the usual gain
model for Yb3�-doped media and our proposed model. The
usual gain model does not include an ET process and quenched
ions; hence, the heat generation is mainly owing to the quantum
defect which is inherently low in Yb3�-doped devices. The peak
gain deduced from such a model (dashed line) is∼1900 dB∕cm
at Pl � 500 mW. The gain model proposed in this work
includes an ET process, which causes depletion of the excited-
state population. Moreover, further consideration of 15% of
quenched ions implies that only the remaining 85% of active
ions are participating in the signal-amplification process. In
addition, the substantial increase of heating causes a reduction
of the transition cross-sections with increasing pump power. As a
result, the gain calculated with the proposed model (solid line) is
effectively clamped to ∼820 dB∕cm at 500 mW of launched
pump power. The experiment was conducted without
thermal management. Despite this, the net gain per unit length
obtained is more than an order of magnitude higher than in
other Yb3�- or Nd3�-doped waveguide amplifiers [23–26]
and even comparable with the modal gain of a III-V semicon-
ductor amplifier. The promising gain results also indicate that a
KGd0.43Yb0.57�WO4�2 epitaxial layer is well suited for the reali-
zation of a millimeter-scale waveguide amplifier that can operate
without a Peltier element. Further improvement of the gain per-
formance is anticipated with the use of passive or active thermal
management.

5. CONCLUSIONS

The optical properties of a KGd0.43Yb0.57�WO4�2 epitaxial
film with an Yb3� concentration as high as ∼3.8 × 1021 cm−3

were examined via experimental and numerical methods. A
parasitic energy-transfer process and quenched ions were ob-
served under intense excitation conditions, and the relevant
parameters were quantified. Besides, the broadening of emis-
sion spectra with increasing pump power signifies the presence
of thermal effects even at low pump power. A gain model which
takes into account the energy-transfer process, quenched ions,
and thermal effects is presented in this work. Our model pro-
vides insights into the impact of these nondesired effects on the
attainable gain in an epitaxial film with high Yb3� concentra-
tion. The numerical signal enhancement is in agreement with
the measurement result, and a peak signal enhancement of
8.13 dB is obtained at 981 nm wavelength. Our calculation
shows that the temperature of the pumped volume may elevate
to >60°C; hence, the change of effective transition cross-
sections with pump power is non-negligible. Nevertheless, a
peak net gain of ∼800 dB∕cm is attainable without thermal
management; hence, the material is promising for realizing
waveguide amplifiers that can operate without active cooling.

APPENDIX A: MATERIAL PARAMETERS

The sample used for the investigation of material gain consists
of a 32 μm thick KGd0.43Yb0.57�WO4�2 layer grown onto an
undoped KY�WO4�2 substrate. Relevant parameters of the ep-
itaxial layer and the substrate, which are used in the numerical
calculations, are summarized in Table 1.

For ease of numerical calculation, a generic empirical
formula adapted from [51] is used here for all temperature-
dependent parameters:

X �T � � X �T 0��1� c1T � c2T 2 � c3T 3�, (A1)

where X is the parameter of interest, T 0 is an arbitrary refer-
ence temperature, and c1, c2, and c3 are fitted parameters.

The temperature-dependent effective transition cross-
sections [6] and luminescence lifetime value of 228 μs [39]
measured from the same sample are used for the numerical cal-
culation. The transition cross-sections for the polarization
E jjNm as a function of temperature are plotted in Fig. 6(a)
as symbols. The corresponding fitted curves using Eq. (A1)
are displayed as lines in the figure. The relevant fitted param-
eters can be found in Table 2. The luminescence lifetime, on
the other hand, has no significant dependence on the sample
temperature [6].

Table 1. Parameters Used for Numerical Modeling

Parameter Value

Layer composition KGd0.43Yb0.57�WO4�2
Thickness of polished layer, t layer 32 μm
Yb3� concentration, N Yb 3.8 × 1021 cm−3

Substrate KY�WO4�2
Substrate thickness, t substrate ∼1 mm
Substrate width, wsubstrate ∼10 mm
Substrate depth, d substrate ∼10 mm
Gaussian beam waist for pump, wp 5 μm
Gaussian beam waist for signal, ws 4 μm
Pump wavelength, λp 932 nm
Signal wavelength, λs 981 nm
Mean emission wavelength, λm 996 nm
Propagation losses, αp & αs 0 dB/cm
Luminescence lifetime, τa 228 μs [39]
Energy-transfer parameter, W ET 1.3 × 10−18 cm3 s−1

Fraction of quenched ions, f q 0 or 0.15
Heat-transfer coefficient, hT 10 Wm−2 K−1

External temperature, T ext 300 K

Fig. 6. Temperature-dependent data of (a) effective transition
cross-sections for the polarization E jjNm extracted from [6] and
(b) thermal conductivities kth,1, kth,2, and kth,3 for the respective ther-
mal axis of X ’1, X ’2, and X ’3 (data from [52]). The lines are plotted
from Eq. (A1) using the least-squares fitted parameters listed in
Tables 2 and 3.

2182 Vol. 35, No. 9 / September 2018 / Journal of the Optical Society of America B Research Article



The temperature-dependent thermal conductivities re-
ported for Yb3�-doped KLu�WO4�2 [52] are used here, as
there is a lack of comprehensive temperature-dependent data
for other double tungstates. Figure 6(b) shows the thermal con-
ductivities kth,1, kth,2, and kth,3 for the respective thermal axis of
X 1,X 2, and X 3. The thermal axis X 2 coincides with the Np
optical axis, and both are parallel to the direction of beam
propagation in the gain experiment. Relevant fitted values
are provided in Table 3.

The external temperature T ext is assumed to be 300 K, as no
active cooling was applied to the sample. The value of heat
transfer coefficient hT is highly dependent on the thermal in-
terfaces of the sample during the experiment and is typically
regarded as a freely adjustable parameter for thermal calcula-
tions. A typical hT value accounting for surface radiation and
convection between the air/sample interfaces is ∼10 Wm−2 K−1

for each of the two cases [53,54], whereas the hT value for a
sample in bare contact with a water-cooled copper holder can
be as high as 2500 Wm−2 K−1 [55]. Because only a small part of
the KGd0.43Yb0.57�WO4�2 sample was clamped by two small
copper plates during the measurements, and no special effort
was applied to improve the thermal contact between the sample
and the holder, a rather conservative hT value of 10 Wm−2 K−1

is employed for all sample surfaces in the numerical calculation.
The mean emission wavelength λm calculated from the

temperature-dependent σem spectra measured in previous work
[6] using Eq. (16) is 996.14� 1.3 nm throughout the temper-
ature range of 20–170°C, which is in good agreement with the
average luminescence wavelength of 997 nm, as reported in
[56]. There could be a small dependence of λm on temperature
because the value of σem beyond 1050 nm wavelength is asso-
ciated with high uncertainty and not considered in the calcu-
lation. Consequently, the fractional heat load due to the
quantum defect ηQD is calculated as 6.4%. The total energy
associated with the fast decay of quenched ions is expected
to result entirely in the generation of phonons; hence, ηq is
100%. It is assumed that the heat load generated by the para-
sitic energy-transfer process is equal to ηQD, i.e., ηET � ηQD,
due the uncertain nature of the process. In any case, an
assumption that results in a higher ηET can be balanced by

an accordingly higher hT because there are high uncertainties
associated with both parameters. With these considerations, the
fractional heat load used for the numerical calculation is

ηh � f a�6.4%� � f q�100%�: (A2)

The Gaussian beam waists of the focused pump beam wp
and signal beam ws listed in Table 1 are based on measured
beam profiles. To ensure high pump intensity and optimum
pump-signal overlap, the beam sizes in the experiment were
chosen to be as small as possible, while ensuring that their
confocal lengths (i.e., twice the Rayleigh length) are longer than
the layer thickness.
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