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ABSTRACT The microchip laser performance of Yb:YAG crys-
tals doped with different ytterbium concentrations (CYb = 10,
15, and 20 at. %) has been investigated at ambient tempera-
ture without active cooling of the gain media. Efficient laser
oscillation for a 1-mm-thick YAG doped with 10 at. % Yb3+
ions was achieved at 1030 and 1049 nm with slope efficien-
cies of 85% and 81%, correspondingly. The laser performance
of heavy-doped Yb:YAG crystals was limited by the thermal
population at terminated lasing level and thermal lens effect at
room temperature without sufficient cooling of the samples. The
laser emitting spectra of Yb:YAG microchip lasers with differ-
ent Yb concentrations and output couplings are addressed with
the local temperature rise, due to the absorption of the pump
power inside the gain media under different pump levels.

PACS 42.55.Xi; 42.70.Hj; 42.55.Rz

1 Introduction

Yttrium aluminum garnet (YAG) is an attractive
laser host material because of its excellent thermal, chemical
and mechanical properties [1]. Yb:YAG has been a promis-
ing candidate for high-power laser-diode (LD)-pumped solid-
state lasers [2, 3]. High average output power lasers based on
Yb:YAG have been achieved with high efficiency by using
different laser cavity configurations, such as end-pumped
microchip lasers, edge-pumped, and side-pumped laser sys-
tems [4–8]. Compared with Nd:YAG laser crystals, Yb:YAG
has several advantages, such as a long storage lifetime (about
1 ms) [9, 10], a very low quantum defect (8.6% with pump
wavelength of 941 nm and a laser wavelength of 1030 nm), re-
sulting in three times less heat generation during lasing than
comparable Nd-based laser systems [11]. Other advantages
include a broad absorption bandwidth and less sensitivity to
diode wavelength specifications [10, 12], a relatively large
emission peak cross-section [13] suitable for Q-switch oper-
ation, and easy growth of high quality and moderate ytter-
bium contain crystals without luminescence quenching (see
e.g., [14]).
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The main disadvantage of ytterbium-doped materials is
their quasi-four-level nature caused by the thermal popula-
tion of terminated lasing level at ≈ 612 cm−1 of the 2F7/2

ground state [10]. This thermal population has deleterious ef-
fects on the resonant reabsorption of laser emission by the
thermally populated terminated laser level, which contains
≈ 5% of the 2F7/2 population at room temperature (RT).
The effect becomes worse at high temperature induced from
the heat generated by the absorbed pump power inside the
Yb:YAG crystal. In addition, the thermal population still de-
pends strongly on the concentration of Yb3+ lasants in YAG
crystal. Therefore, it is difficult to realize inversion population
at RT; the laser threshold is high and the lasing efficiency is
consequently low. There are two ways to achieve needed in-
version population: by either pumping with high pump power
intensities at RT or above or by depopulation of the high-
est Stark components of the ground state 2F5/2. The latter
can be achieved significantly by cooling Yb:YAG [10]. Effi-
cient laser performance of Yb:YAG crystals under laser-diode
pumping at cryogenic temperature has recently been demon-
strated [15, 16]. The thermal conductivity of YAG decreases
and the thermal loading parameter increases with increasing
ytterbium concentration. Furthermore, there is strong emis-
sion quenching, which is attributed to uncontrolled impurities
during crystal growth. These concentration dependent ther-
mal properties of Yb:YAG have great unwanted effects on
the laser performance of Yb:YAG microchip lasers at ambi-
ent temperature without sufficient active cooling system. The
thermal conductivity, thermal expansion coefficient, and ther-
mal loading of Yb:YAG crystals related to the temperature,
temperature rise induced by the pump power deposited on the
gain medium are an important factor to be considered in the
laser performance of Yb:YAG at ambient temperature. Also
temperature has a great impact on the emission peak cross-
section of Yb:YAG crystals [13, 17]. Some of the applica-
tions require that the lasers should be compact and economic;
therefore, the cooling system is eliminated in compact and
easily maintainable laser system. Therefore, laser-diode end-
pumped microchip lasers are a better choice to achieve highly
efficient laser operation under high pump power intensity.

In this paper, we report systematically on the effect of
Yb3+-ion concentration on the development of Yb:YAG mi-
crochip lasers at ambient temperature. The performance of
a Yb:YAG microchip laser indicated that it can be realized by
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choosing the suitable Yb3+-ion constant in this gain medium.
The lower the ytterbium concentration, the better on the las-
ing of YAG crystals doped with 10, 15, and 20 at. % Yb3+
lasants at high pump power level. We determined that the mi-
crochip laser can oscillate efficiently at 1030 and 1049 nm
with slope efficiencies of 85 and 81%, respectively, by using
1-mm-thick YAG crystals doped with 10 at. % Yb3+ ions. The
laser properties become worse with an increase of the Yb3+-
ion concentration under the same thickness of Yb:YAG crys-
tals, owing to the strong thermal population distribution in
its pump area for heavy-doped Yb:YAG crystals. The laser
emitting wavelength of Yb:YAG microchip lasers and switch-
ing of the emitting wavelength from 1030 nm to 1049 nm for
10 at. % Yb:YAG with 5% transmission of the output coupler
was also addressed.

2 Experiments

The microchip laser experiment was carried out
with a plane-parallel, 0.5 and 1-mm-thick YAG crystal plates
doped with 10, 15, and 20 at. % Yb3+ ions as gain media. The
diameter of the gain medium is 10 mm. The schematic dia-
gram of the experimental setup is shown in Fig. 1. One surface
of these plates is anti-reflection-coated at 940 nm and highly
reflecting at 1030 nm to act as a cavity mirror of the laser.
The other surface is anti-reflection-coated at 1030 nm las-
ing wavelength to reduce the cavity loss. Four plane-parallel
mirrors were used as output couplers with different transmis-
sions (Toc) of 5, 10, 15, and 20% at 1.03 µm. The overall
cavity length was the thickness of the gain crystal. The mech-

FIGURE 2 Output power
of Yb:YAG microchip lasers
as a function of the ab-
sorbed pump power for
Yb:YAG crystals doped
with different Yb3+ concen-
trations under different out-
put coupling: (a) Toc = 5%;
(b) Toc = 10%; (c) Toc =
15%; (d) Toc = 20%. The
solid lines are the linear fits
of experimental data

FIGURE 1 Schematic diagram of laser-diode pumped Yb:YAG microchip
lasers, M1, focus lens with 8 mm focal length, M2, focus lens with 12 mm
focal length

anically contacted Yb:YAG crystal and output coupler were
held between two copper blocks with an aperture of 3 mm in
diameter. A high power fiber-coupled 940 nm LD with a core
diameter of 100 µm and numerical aperture of 0.22 was used
as the pump source. Two lenses (M1 and M2) were used to
focus the pump beam on the Yb:YAG crystal’s rear surface
and to produce a pump light footprint in the crystal of about
120 µm in diameter. About 95% of the total pumping power
is incident on the Yb:YAG crystal plate after the coupling
optics. The microchip lasers operated at RT without active
cooling of the active element. The spectral composition of
these lasers was analyzed with an optical spectrum analyzer
(ANDO AQ6137).

3 Results and discussion

The output power of Yb:YAG microchip lasers as
a function of the absorbed pump power for Toc = 5, 10, 15,
and 20% is shown in Fig. 2. For the case of Toc = 5%, the
absorbed pump power thresholds of 1-mm-thick microchip
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lasers are 0.14, 0.23, and 0.38 W for 10, 15, and 20 at. %
Yb3+-ion concentrations, respectively. The absorbed pump
power threshold of 0.5-mm-thick Yb:YAG laser is 0.09 W
for 20 at. % ytterbium concentration, which is lower than that
for 1-mm-thick laser by using 20 at. % Yb:YAG as the gain
medium. The output power increases linearly with the ab-
sorbed pump power when the pump power is well above the
pump power threshold for Yb:YAG crystals doped with 10, 15
and 20 at. % Yb3+, which is the nature of quasi-four-level op-
erating scheme. High efficiency can be achieved by using high
pump power intensity. There is a drop of the slope efficiency
for 10 at. % Yb:YAG microchip laser, which is caused by the
low transmission of output coupler. For 20 at. % Yb:YAG, the
output power increases linearly with absorbed pump power
when the absorbed pump power is lower than 6.7 W for 1-mm-
thick gain medium, and output power tends to be saturated
with further increase of the pump power. For 0.5-mm-thick,
20 at. % Yb:YAG crystal, the output power increases linearly
with the absorbed pump power when the absorbed power is
lower than 2.9 W, the laser stops with a further increase of the
pump power. The interesting phenomenon for 0.5-mm-thick,
20 at. % Yb:YG microchip laser is that the output power re-
peats its output power when the pump power decreases from
3.2 W to its absorbed pump power threshold. This shows the
performance of a 0.5-mm-thick microchip laser has a strong
thermal lens effect compared to 1-mm-thick Yb:YAG mi-
crochip lasers. Maximum output power of 4.6 W was meas-
ured with 15 at. % Yb:YAG crystal as a gain medium when
the absorbed pump power was 7.6 W, and the slope efficiency
was about 67%, the optical-to-optical efficiency is as high as
61% with respect to absorbed pump power. The highest slope
efficiency of 81% was achieved by using 10 at. % Yb:YAG
crystals as the gain medium; the optical-to-optical efficiency
is 70%. The output power and slope efficiency (with respect to
the absorbed pump power) of 20 at. % Yb:YAG with different
gain medium thickness are lower than those for the lower yt-

Yb:YAG Toc λL Pth Pabs Pout ηslope ηo-o(a) ηo-o(in)
(%) (nm) (W) (W) (W) (%) (%) (%)

10 at. %, 1 mm thick 5 1030
1030+1049 0.14 5.3 4.35 81 72 43

1049
10 1030 0.21 6.2 4.6 85 74 44
15 1030 0.27 5.3 3.5 65 57 34
20 1030 0.35 5.0 3.4 65 56 33

15 at. %, 1 mm thick 5 1049 0.23 7.3 4.6 67 61 44
10 1030 0.34 5.2 3.9 67 57 41
15 1030 0.46 5.5 3.5 60 49 36
20 1030 0.58 5.5 3.3 59 49 36

20 at. %, 1 mm thick 5 1049 0.38 5.8 3.5 60 53 45
10 1030 0.6 3.4 1.04 39 29 24
15 1030 0.7 3.4 0.9 35 25 21
20 1030 0.87 3.0 0.71 30 21 18

20 at. %, 0.5 mm thick 5 1049 0.09 2.1 1.5 64 56 33
10 1030 0.19 1.7 0.81 53 43 26
15 1030 0.28 1.4 0.48 38 29 17
20 1030 0.38 1.4 0.38 32 23 14

TABLE 1 Performance of Yb:YAG microchip lasers with different Yb3+ lasants. λL, laser emitting wavelength; Pabs, absorbed pump power at maximum
optical-to-optical efficiency; Pout, maximum output power; ηo-o(a), maximum optical-to-optical efficiency corresponding to absorbed pump power; ηo-o(in),
maximum optical-to-optical efficiency corresponding to incident pump power

terbium concentration crystals shown in Fig. 2a and also listed
in Table 1. The performance of the 0.5-mm-thick microchip
laser at the available absorbed pump power range is better than
that of the 1-mm-thick 20 at. % Yb:YAG. However, the max-
imum optical-to-optical efficiency with respect to the incident
pump power (ηo-o(in)) of 45% was achieved with the 1-mm-
thick Yb:YAG (CYb = 20 at. %) at incident pump power of
6.8 W, as listed in Table 1.

For Toc = 10, 15, and 20%, the investigated lasers oscil-
late at 1030 nm, and the best laser performance was obtained
by using Toc = 10% for different Yb3+-ion concentrations in
YAG crystals (as shown in Fig. 2b–d). The slope efficien-
cies are 85, 67, and 39% for 1-mm-thick YAG doped with
10, 15, and 20 at. % Yb3+-ions, and the optical-to-optical ef-
ficiencies are 74, 57, and 29%, with respect to the absorbed
pump power. With 0.5-mm-thick 20 at. % Yb:YAG doped as
a gain medium, the slope efficiency of 53% is higher than
that for the 1-mm-thick 20 at. % Yb:YAG laser, and the cor-
responding optical-to-optical efficiency is 43% with respect
to the absorbed pump power. A maximum output power of
4.6 W was achieved with 10 at. % Yb:YAG as a gain medium.
The output power of the 10 at. % Yb:YAG microchip laser in-
creases linearly with the absorbed pump power. For 15 at. %
Yb:YAG, the output power tends to increase slowly with ab-
sorbed pump power when the absorbed pump power is higher
than 5.4 W (slope efficiency decreases from 67% to 40%).
For 20 at. % Yb:YAG, even with different thicknesses (0.5 and
1 mm), there is a maximum absorbed pump power, when the
pump power is higher than this value (4.5 W for 1-mm-thick
Yb:YAG and 2.2 W for 0.5-mm-thick Yb:YAG), there is no
lasing. However, when the absorbed pump power decreases
again, the output power is the same as that obtained when
the absorbed pump power increases to such a value. The pro-
cess is reversible. Such phenomenon suggests there is strong
thermal effect on the heavy-doped Yb:YAG crystals; such re-
sults are coincident with the Yb3+ concentration dependent
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thermal conductivity and thermal loading data for Yb:YAG
crystals [14]. For Toc = 15, and 20%, all analogous parameters
for Yb:YAG microchip lasers with different concentrations
and thickness (as shown in Fig. 2c for Toc = 15% and Fig. 2d
for Toc = 20%) were worse than those for Toc = 5, and 10% (as
shown in Fig. 2a for Toc = 5% and Fig. 2b for Toc = 10%).

Figure 3 shows the optical-to-optical efficiencies with re-
spect to the absorbed pump power of Yb:YAG microchip
lasers as a function of the absorbed pump power for differ-
ent Yb3+-ion concentrations under different output couplings.
Under the present pump power level (available incident pump
power of 10 W), there is no saturation effect only for 10 at. %
Yb:YAG with Toc = 10% although the optical efficiency in-
creases slowly with the absorbed pump power (as shown in
Fig. 3b), maximum optical-to-optical efficiency of 74% was
achieved at the absorbed pump power of 6.2 W. However,
there is saturation effect of Yb:YAG microchip lasers under
other different conditions. Maximum optical efficiency of
72% with Toc = 5% (1049 nm lasing emitting wavelength)
was achieved at the absorbed pump power of 5.3 W for 1-mm-
thick Yb:YAG crystal doped with 10 at. % Yb; and optical
efficiency decreases with a further increase of the absorbed
pump power (see Fig. 3a). The causes of the saturation ef-
fect are thermal-induced strong reabsorption at terminated
lasing level and strong thermal lens effect in the gain medium.

FIGURE 3 Optical-to-optical efficiency of Yb:YAG
microchip lasers as a function of the absorbed pump
power for Yb:YAG crystals doped with different Yb3+
concentrations under different output couplings

The decrease of the optical efficiency with Yb concentration
for 1-mm-thick microchip lasers was caused by the increase
of the thermal population at the terminated lasing level and
the thermal lens effect. Although optical efficiency for thin
(0.5-mm-thick) 20 at. % Yb:YAG microchip lasers is higher
than those for 1-mm-thick YAG doped with 20 at. % Yb3+-
ions, the serious heat generated in thin gain medium is the
main factor to limit the laser performance at room temperature
without sufficient cooling for the samples. Maximum optical-
to-optical efficiency with respect to the absorbed pump power
and incident pump power under different laser working condi-
tions are also listed in Table 1.

The laser spectra of our microchip lasers indicate sev-
eral longitudinal modes oscillate simultaneously. For the case
with Toc = 5%, four longitudinal modes oscillate at 1030 nm
under just over threshold pump power, while six longitu-
dinal modes oscillate with further increase of pump power
when absorbed pump power is kept lower than 0.55 W for
10 at. % Yb:YAG microchip laser, as shown in Fig. 4a. Dual-
wavelength (1030 and 1049 nm) oscillation of a 10 at. %
Yb:YAG laser was observed when the absorbed pump power
was kept between 0.55 and 0.75 W. The intensity and number
of longitudinal modes at 1030 nm decrease and the number of
longitudinal modes around 1049 nm increases with increas-
ing pump intensity. The 10 at. % Yb:YAG microchip laser
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FIGURE 4 Laser spectra of Yb:
YAG microchip lasers for Toc = 5%,
(a) 1 mm thick, 10 at. % Yb:YAG,
(b) 1 mm thick, 15 at. % Yb:YAG,
(c) 0.5 mm thick, 20 at. % Yb:YAG

oscillates around 1049 nm when the absorbed pump power is
above 0.75 W. The longitudinal modes around 1049 nm in-
crease with absorbed pump power (as shown in Fig. 4a). For
YAG crystals doped with higher concentrations of Yb3+ ions
(CYb = 15 and 20 at. %), the laser operates at 1049 nm only
for Toc = 5%, because of the strong reabsorption of Yb3+-
ions at 1030 nm. Figure 4b shows the laser emitting spectra
of 15 at. % Yb:YAG laser under different pump power levels.
The number of the longitudinal mode increases from three to
twelve, and oscillating emission shifts to longer wavelength
with the pump power. In addition, strong mode competition
and mode hopping were observed for 1049 nm laser oper-
ation. Figure 4c shows the laser spectra of 0.5-mm-thick,
20 at. % Yb:YAG laser under different pump power levels.
The number of the longitudinal mode increases from two to
eight with the pump power.

For the case of Toc = 10, 15, and 20%, Yb:YAG microchip
lasers operate at around 1030 nm, owing to the increase of the
output coupling, the loss increases and the gain provided at
1049 nm is lower than that at 1030 nm and can not overcome
the loss of large output coupling; therefore, the laser oscillates

at shorter wavelength. Figure 5 shows the emission spectra
of 1-mm-thick lasers with Yb:YAG crystals doped with 10
and 15 at. % Yb3+ ions, and 0.5-mm-thick laser with 20 at. %
Yb:YAG crystal for Toc = 10%. The number of longitudinal
modes of 10 at. % Yb:YAG laser increase from three to eight
with the pump power, as shown in Fig. 5a. The number of lon-
gitudinal modes of the 15 at. % Yb:YAG laser increases from
five to ten with the pump power; also the longitudinal mode at
high pump power tends to bifurcate, as shown in Fig. 5b. The
number of longitudinal modes increases from three to six with
the absorbed pump power for 0.5-mm-thick 20 at. % Yb:YAG
laser, as shown in Fig. 5c. The laser emission shifts to longer
wavelengths with pump power, and the shift of the wave-
length become strong with an increase of the pump power.
The shift of laser emission to longer wavelengths increases
with increasing Yb3+-ion concentration in YAG crystals due
to the more severe heat generation arising in lasing Yb:YAG
crystals [13]. The laser oscillation thresholds at 1030 nm and
1049 nm for Yb:YAG microchip lasers are governed by the
gain provided at 1030 nm or 1049 nm and the total losses in-
cluding the useful output coupling loss, the intracavity loss
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FIGURE 5 Laser spectra of Yb:
YAG microchip lasers for Toc =
10%, (a) 1 mm thick, 10 at. % Yb:
YAG, (b) 1 mm thick, 15 at. %
Yb:YAG, (c) 0.5 mm thick, 20 at. %
Yb:YAG

and the reabsorption loss. The gain provided at 1030 nm is
larger than that provided at 1049 nm because the emission
peak cross-section at 1030 nm is five times higher than that
at 1049 nm for Yb:YAG crystal. However, the reabsorption
loss at 1030 nm is larger than that at 1049 nm for Yb:YAG
crystal. The reabsorption loss is proportional to the Yb3+-ion
concentrations, and temperature dependent thermal popula-
tion distribution factor of terminated laser level of Yb:YAG
crystal. With the same intracavity loss at both wavelengths,
the transmission of the output coupler is the main factor for
controlling the laser emitting wavelength. For Toc = 5% or
less, the net gain at 1030 nm owing to the strong reabsorption
is smaller than that at 1049 nm. The laser prefers to oscillate at
1049 nm. Otherwise, the net gain at 1030 nm is larger than that
at 1049 nm for Toc = 10% or high, the laser prefers oscillated
at 1030 nm.

The cause of the change of laser wavelength and dual-
wavelength operation for 10 at. % Yb:YAG microchip laser
with Toc = 5% is attributed to the quasi-four level nature of
Yb:YAG and the local temperature rise due to the heat gener-
ated at high pump power. The local temperature rising inside
Yb:YAG has a great effect on the thermal population distri-

bution of terminated laser level for 1030 nm. Therefore the
reabsorption around the strong emission peak of 1030 nm in-
creases, the threshold for 1030 nm oscillation increases; how-
ever, the local temperature rise has little effect on the re-
absorption loss around the weak emission peak of 1049 nm
for Yb:YAG crystal; there is a tradeoff between 1030 and
1049 nm lasing. With a further increase of the local tempera-
ture, the laser prefers to oscillate at 1049 nm rather than at
1030 nm with Toc = 5%. Therefore, when the absorbed pump
power is higher than a certain value, the laser oscillates at
1049 nm. For heavy-doped Yb:YAG crystals (CYb = 15 and
20 at. %), the reabsorption loss plays an important role in
the laser oscillation threshold; the laser prefers to oscillate at
1049 nm rather than at 1030 nm for Toc = 5%.

For the case of 1-mm-thick Yb:YAG microchip lasers, the
separation of two close longitudinal modes was measured to
be 0.3 nm for 1049 nm oscillation. The wide separation be-
tween these modes clearly shows that there is strong mode
hopping and mode-competition between longitudinal modes
around 1049 nm. This may be caused by flatter emission
spectra around 1049 nm than around 1030 nm for Yb:YAG
crystal [13] and the gain distribution along the Fabry–Pérot
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resonator. The separation of each longitudinal mode under
different pump power was about 0.29 nm for 1030 nm oscilla-
tion. The separation between each mode was measured to be
0.58 nm for 0.5-mm-thick Yb:YAG microchip laser, which is
two times of that for 1-mm-thick Yb:YAG microchip lasers.
The separation of the longitudinal modes in a laser cavity was
given by [18] ∆λ = λ2/(2Lc), where Lc is the optical length
of the resonator, λ is the laser emitting wavelength. For 1-mm-
thick plane-parallel Yb:YAG gain medium studied here, ∆λ

was calculated to be 0.2915 and 0.302 nm with the laser wave-
length of 1030 and 1049 nm, respectively, which were in
good agreement with the experimental data. For 0.5-mm-thick
plane-parallel Yb:YAG gain medium, ∆λ was calculated to
be 0.583 and 0.604 nm with the laser wavelength of 1030 and
1049 nm, respectively, which were also in good agreement
with the experimental data. The linewidth at each mode was
measured to be less than 5.7 GHz, i.e., the resolution limit of
the used instrument.

4 Conclusions

In conclusion, microchip laser performance has
been investigated systematically by adopting YAG crystals
doped with different Yb3+-ion concentrations at ambient tem-
perature without active cooling of the gain media. Efficient
laser performance of at 1030 and 1049 nm was achieved by
using 10 at. % Yb:YAG crystals; the slope efficiency with re-
spect to the absorbed pump power of 85% and 81% was
achieved for 1030 and 1049 nm oscillations. Dual-wavelength
(1030 and 1049 nm) lasing can be achieved by using 10 at. %
Yb:YAG crystal and Toc = 5% output coupler in a narrow
pump power range. The laser performance of the Yb:YAG
microchip lasers at 1030 nm oscillation is strongly affected
by the Yb concentration, becoming worse with an increase
of the Yb3+-ion concentration in YAG crystals at ambient
temperature, because the thermal properties of heavy-doped
Yb:YAG crystal are getting worse and reabsorption loss is
large. However, the laser performance of Yb:YAG microchip
lasers working at 1049 nm is nearly independent of Yb con-

centration for 1-mm-thick Yb:YAG crystals with respect to
the incident pump power. The strong thermal lens effect limits
the laser performance of Yb:YAG microchip lasers for heavy-
doped Yb:YAG crystals.
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