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One-order-higher Cr** conversion efficiency
in Cr*:YAG transparent ceramics for a
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The Cr*t-doped yttrium aluminum garnet (Cr‘+:YAG) saturable absorber, a new generation of passively
Q-switched solid-state laser material, faces a significant obstacle of low conversion rate of chromium from tri-
valent to tetravalent, degrading efficiency in a passively Q-switched laser. In this paper, highly transparent
Cr**:YAG ceramics were fabricated and committed to compare the laser performance with Cr%+:YAG crystals
on a 1 pm passively Q-switched laser. Thanks to the grain boundary effect, the Cr** conversion efficiency of
0.05 at.% Crit:YAG transparent ceramics coated with high transparency (HT) films (7" = 86.46% at 1064 nm)
was nine times higher than that of 0.1 at.% Cr**:YAG single crystals coated with HT films (7' = 84.00% at
1064 nm). Differing from the counterpart Cr**:YAG crystals, no absorption saturation tendency was observed
for the 0.05 at.% Cr:YAG ceramics when the pump power exceeded ~1900 mW. Furthermore, the repetition
frequency reached 217 kHz for 0.05 at.% Cr:YAG ceramics, which was a three-fold factor increase from that of the
corresponding single crystal. The advantages of transparent ceramics over single crystals were proved through
laser performance for the first time, to the best of our knowledge. This study also provided compelling evidence

for replacing single crystals with ceramics for ultrafast dynamics.
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1. INTRODUCTION

The Q-switched pulsed laser has extensive applications in re-
mote sensing, target designation, laser guidance, laser medicine,
laser marking, and other fields [1,2]. The Q-switched technol-
ogy generally includes the actively Q-switched and passively
Q-switched methods. The actively Q-switched laser requires
external electrical equipment or mechanical control, and it is
complicated in structure, relatively expensive, and large in vol-
ume [3,4]. As a result, an actively Q-switched laser has diffi-
culty in achieving high pulse repetition frequency and high
slope efficiency [5,6]. However, the passively Q-switched laser
exhibits many advantages, such as low weight, simplicity of
alignment, and operation without an external power supply
or polarizing optics [7-9].

As a new generation of passively Q-switched solid-state laser
material, Cr**-doped yttrium aluminum garnet (Cr**:YAG)
has received great attention and has been rapidly developed
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due to its higher quantum efficiency, longer fluorescence life-
time, and better stability compared with organic dyes or color
center crystals [10]. The excellent 1 pm passively Q-switched
lasers are caused by the best overlap of the intrinsic absorption
band of Cr** ions at 900-1200 nm with the emission peak of
Nd3* or Yb3* ions [11,12]. Meanwhile, these two kinds of
activator ions could be also co-doped into a Cr#**:YAG lattice
to obtain self-Q-switching lasers [13,14].

As the most important form, the Cr**:YAG single crystal
was widely used for 1 pm passively Q-switched lasers in past
years. In fact, the highest peak power could be generated
by adjusting the pump beam waist incident on the
Nd: YAG/Cr**:YAG composite crystal, and its power was over
235 kW [15]. Additionally, the properties of diode-pumped
doubly Q-switched Nd:YAG laser with a Cr*:YAG saturable
absorber and an acousto-optic modulator were first reported in
Ref. [16]. Therefore, the application of a Cri*:YAG single
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crystal for passively Q-switched lasers has been very mature.
However, according to previous reports, only 0.1 at.% Crit
doping concentration and the low absorption coefficient of
2.7 ecm™! at 1.03 pm were achieved in YAG single crystals after
air annealing [17]. As is known, this low doping concentration
of Cr** was really caused by the low solid solubility of Cr#*
ions in the YAG lattice, and promoting more Cr** ions con-
version into Cr** ions was an effective approach to enhancing
the absorption coefficient. However, even after further prolong-
ing the annealing time to 50 h at 1400°C in an oxygen atmos-
phere, the absorption coefficient at 1030 nm just reached
3.6 cm™! in 10 at.% Yb**, 0.1 at.% Cr** co-doped YAG sin-
gle crystal [18]. Therefore, in the YAG single crystal, the low
solid solubility of Cr** ions and low Cr** conversion efficiency
together restricted the output power and efficiency of
Cr**:YAG-based 1 pm passively Q-switched lasers.

Nowadays, as another important laser gain material, trans-
parent ceramics have many advantages over single crystals, such
as flexibility for large size and composite structures, short pro-
duction cycle, and cost saving. In fact, the biggest difference
between ceramics and crystals is the existence of grain boun-
daries in ceramics [19,20]. The excessive doping ions were
hardly doped into the YAG lattice during single crystal growth,
while they could easily be incorporated into ceramics, even if
there was a high possibility to distribute in grain boundaries.
Then, the doping ions inside ceramics would retry to enter into
the lattice site during the annealing process due to the effective
release of grains stress, and further significantly enhance the
solid solubility of doping ions [21]. In addition, as the fast dif-
fusion pathway of atoms, the grain boundaries would greatly
accelerate the oxygen transfer to oxidize Cr** into Cr** more
effectively. Therefore, it is strongly speculated that the conver-
sion rate of Cr** ions in Cr:-YAG transparent ceramics is far
higher than that of Cr:YAG crystals. However, there are very
few studies to confirm the above conjectures until now.

In this paper, to verify our hypothesis, the Cr*:YAG trans-
parent ceramics with excellent optical property were fabricated
and employed to conduct the laser experiment to systematically
compare with Cr#*:YAG single crystals. As far as we know, this
is the first study to exhibit the laser performance between
Cr**:YAG ceramics and single crystals. The results showed that
the conversion efficiency of Cr** ions in Cr:YAG ceramics was
nearly one-order higher than that of Cr:YAG single crystals.
The Cr**:YAG transparent ceramic is a considerable candidate
for applications in 1 pm passively Q-switched lasers.

2. EXPERIMENTAL PROCEDURES

A. Ceramic Fabrication Experiment

Cr**:YAG transparent ceramics were fabricated by the solid-
state reaction method, and the detailed processes were similar
to those in our previous reports [15,22,23]. High-purity Y,05
(99.99% purity; Alfa Aesar, Ward Hill, America), a-Al,O5
(99.99% purity; Sumitomo Chemicals, Tokyo, Japan), and
Cr,03 (99.99% purity, Alfa Aesar, Ward Hill, America) pow-
ders were selected as the starting materials. These powders
were weighted precisely to result in a chromium content of
0.05 at.% and 0.1 at.% in the resultant Cr**:YAG ceramics
Y;(Al;_,Cr,)sO1,. Divalent additives MgO (99.999% purity;

Alfa Aesar, Ward Hill, America) and CaO (99.999% purity;
Alfa Aesar, Ward Hill, America) powders were adopted as sin-
tering aids and charge compensators. For all samples, based on
our optimized results [24], the additional amounts of Ca** and
Mg?* were both kept at 0.1 mol.% according to AI** content,
and the molar ratio between Ca and Mg was 1:1. The powder
mixtures were ball milled in anhydrous ethyl alcohol for 15 h,
and then the milled slurry was dried at 60°C for 36 h in an
oven. After being sieved through a 200 mesh screen, the sieved
powders were uniaxially pressed under 30 MPa in a stainless
steel mold into pellets with a diameter of 16.0 mm, and the
obtained pellets were further cold isostatic pressed (CIPed)
at 200 MPa for 5 min. The ClIPed green bodies were air cal-
cined at 800°C for 6 h to remove the organic residues inside
pellets. Then, the calcined green bodies were vacuum sintered
at 1820°C for 8 h in a vacuum furnace under 10~% Torr
(1 Torr = 133.32 Pa) to obtain Cr:YAG transparent ceramics.
After vacuum sintering, the as-sintered ceramics were air an-
nealed at 1450°C in a muffle furnace for 10 h. Finally, all sam-
ples were ground and mirror polished on both surfaces, and
their thicknesses were kept at 3 mm. For comparison,
0.1 at.% Cr:YAG single crystal (Hefei Ruijing Co., Ltd.) coated
with high transparency (HT) films (7" = 84.00% at 1064 nm)
was used as a reference.

Microstructural  investigations of the as-fabricated
Cr**:YAG ceramics were conducted by a scanning electron mi-
croscope (SEM; JSM- 6510, JEOL, Kariya, Japan). A UV vis-
ible near-IR (UV-VIS-NIR) spectrophotometer (Lambda 950,
Perkin Elmer, Waltham, America) was adopted to measure the
in-line transmittance of the mirror polished Cr:YAG ceramics,
and the scanning speed was 600 nm/min.

B. Laser Experiment

Figure 1 shows the schematic diagram of the laser experiment
setup. The a-cut Nd:YVOy was chosen because its stimulated
emission cross is four times higher than that of the ¢-cut one.
The dimension of the Nd:YVOy slab as laser gain medium was
3.0mm x 3.0 mm x 5.0 mm. It was coated with highly reflec-
tive (HR) at 1064 nm and antireflective film (AR) at 808 nm as
a cavity mirror of the laser on the one end, and the other end
was coated at AR 1064 nm to reduce the cavity loss. A concave
mirror (@ = 200 mm, 97% AR at 1064 nm) was used as the
output mirror (M2). The Cr*T:YAG saturable absorber was
placed near the Nd:YVOy slab. Before stepping the absorber
into the cavity, we adapted the cavity to get a maximum
CW transverse electromagnetic (TEM00) mode output power
of 0.93 W at 1064 nm with a pump power of 2.14 W. An
output coupler with 3% transmission was employed, and pas-
sively Q-switched pulses of Cri*:YAG with different initial

=0~

Nd: YVO; Cr: YAG
Focus system crystal ceramic M2

Fig. 1. Schematic diagram of the laser experiment.
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transmissions were easily observed by using a positive-intrinsic-
negative (PIN) photodiode and a digital oscilloscope. Besides,
the optical spectra of the Q-switched laser were tested by the
spectrum analyzer (AQ6370C, 600-1700 nm).

3. RESULTS AND DISCUSSION

Residual pores and grain boundary phases are generally consid-
ered as the main factors that affect the optical quality of trans-
parent ceramics [22,23]. Figure 2 shows the SEM images of
the Cr**:YAG transparent ceramics after thermal etching ar
1450°C for 2 h. All ceramics exhibited a completely densified
microstructure characterized by both transgranular and intra-
granular [Figs. 2(a) and 2(b)]. No pores or other scattering cen-
ters were detected, indicating the potentially high optical
quality. Furthermore, it could be seen from the uniform
surfaces in Figs. 2(c) and 2(d) that the grain size was similar
at whatever Cr doping concentrations, and the mean size was
approximately 2.0-3.0 pm in a very narrow distribution.

The photographs and the transmission spectrum of
Cr*:YAG transparent ceramics with different Cr doping con-
centrations are depicted in Fig. 3. The transmittances of both
Cr:YAG transparent ceramics at 1500 nm were higher than
84.0%, which was almost close to the theoretical value of
YAG. Besides, the transmittance below 500 nm for both ceram-
ics was nearly zero, owing to the strong absorption of the Cr#*
ion at this band. A broad absorption band ranging from 800 to
1200 nm centered at 1030 nm could also be observed from
both ceramics. This absorption mainly corresponded to the
’B,(?A,) = ?A,(3T)) transition and was merely caused by
the 3B, (PA,) — E(®T,) transition of the tetrahedral Cri+
ions. The absorption band centered at ~610 nm corresponded
to the 3B, ((A,) — 3E(?T,) transition of the Cr** ion [25].
Moreover, from the inset of Fig. 3, it is clear that both ceramics
were fully transparent, and the letters behind the ceramics
could be clearly resolved by the naked eyes. The color of
the ceramics changed from light brown to dark brown, when
the Cr doping concentrations increased from 0.05 at.%
to 0.1 at.%.

Fig. 2. SEM microstructures of facture surfaces of (a) 0.05 at.% and
(b) 0.1 at.%, and the mirror-polished surfaces of (c) 0.05 at.% and
(d) 0.1 at.% Cr*+:YAG ceramics.
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Fig. 3. In-line transmission spectra of the uncoated Cr:YAG trans-
parent ceramics with different Cr doping concentrations.

The central wavelengths of the Cr**:YAG ceramics and
single crystal lasers were both 1064 nm, confirmed by the spec-
trum analyzer (not shown here). The laser output power as a
function of incident pump power is demonstrated in Fig. 4.
Obviously, the laser property of Cr**:YAG ceramic was very
close to that of Crf*:YAG crystal. By using the 0.05 at.%
Cr*t:YAG ceramic coated with HT films (7 = 86.46%
at 1064 nm) as the saturable absorber, a maximum output
power of 100.8 mW at 1064 nm was obtained under an
incident pump power of 2.14 W, with a threshold of
458.4 mW. For the 0.1 at.% Cr**:YAG transparent ceramic
(T" = 85.84% at 1064 nm), under an incident pump power of
2.14 W, a maximum output power and the laser threshold
were 107.2 mW and 458.4 mW, respectively. Besides, for
the corresponding Cr**:YAG single crystal, the output power
of 1149 mW was obtained under an incident power of
2.14 W. However, the observed threshold was as high as
731.2 mW, which was almost 1.5 times higher than that of
Cr*":YAG ceramics. From Fig. 4, the slope efficiencies of
the 0.05 at.%, 0.1 at.% Crit:YAG transparent ceramics
and 0.1 at.% Cri*t:YAG crystal were 7.13%, 6.67%, and
10.54%, respectively. In addition, when the pump power
was more than 910.4 mW, the pulse train of the 0.1 at.%
Cr**+:YAG ceramics was unstable, which was further illustrated
in Fig. 5. It is speculated that the reason behind this was the
emergence of multi-mode lasers [26].

Moreover, the pulse energy and peak power of Cr*:YAG
single crystals were displayed in Figs. 5(a) and 5(b). Despite the
increases of pulse energy and the peak power of Cri*:YAG
single crystals being faster than those of ceramics, they tended
to be saturated when the pump power was higher than
~1900 mW. The comparisons of pulse width and the repeti-
tion frequency of Cr**:YAG materials are also shown in
Figs. 5(c) and 5(d). The pulse width of both Cr:YAG ceramics
and crystals were almost similar at the level of 110 ns. However,
it is surprising that the repetition frequency of the Cr:YAG
ceramic was 217 kHz, which was three times higher than
that of the corresponding single crystal (72 kHz). Therefore,
Cr:YAG transparent ceramics prepared in this paper have great
potential to improve the pulse energy and peak power by
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Fig. 4. Laser output power as a function of the pump power for
Cr:YAG materials.
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Fig. 5. Passively Q-switched laser property comparisons between

transparent ceramics and single crystal: (a) pulse energy versus pump
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pump power; (d) repetition frequency versus pump power.

further increasing the incident pump power [27]. It is notewor-
thy to see that the laser properties of the 0.05 at.% Cr**:YAG
ceramic were similar, or even had an opportunity to surpass that
of the 0.1 at.% Cr%":YAG crystals. This means the total
amounts of effective Cr** ions were nearly the same for
Cr**:YAG ceramic and single crystal. Assuming that the Cr
doping concentration has no effect or a weak effect on the con-
version efficiency of the Cr#™ ion, especially under the low dop-
ing concentration, the total amount of the converted Cr#* ions
in materials can be calculated by the following equation:

CBXA}]Z n, (1)

where Cp is the Cr doping concentration. 4 is the thickness of
sample. 7 is the total amount of Cr** ions. A is the area of
Cr**t:YAG, and it is same for Cr*t:YAG transparent ceramics
and Cr%t:YAG single crystals. Therefore, the total amounts
of Cr*t ions in Cr:YAG transparent ceramics (0.05 at.%,

0.6 mm) should be nine times higher than that in Cr:YAG sin-
gle crystals (0.1 at.%, 2.6 mm). But, as shown above, the
amounts of effective Cr** ions in these two materials were very
close, and it is concluded that the conversion efficiency of Cr#*
ions per unit volume in 0.05 at.% Cr**:YAG transparent
ceramics was about nine times higher than that of the
0.1 at.% Cr*:YAG single crystal. It also indicated that the
difference in slope efficiency of the laser in Fig. 4 was caused
by the total number of Cr** ions affected by sample thickness
and doping concentration, not just by the transmittance of
Cr**:YAG. This is an amazing result, and it has been quanti-
tatively proved that the Cr** ion conversion efficiency in
Cr**:YAG transparent ceramics was obviously higher than that
of the single crystal for the first time, to the best of our
knowledge.

In order to explain the reasons for the above phenomenon, a
detailed analysis was carried out. To achieve a high conversion
efficiency of the Cr#t ion, the divalent additives (i.e., Ca?* and
Mg?") were used as charge compensators to regulate the charge
state of the Cr ion in this study. The working mechanism is
described as the following in Eqs. (2)—(4) [28]:

2MgO + 2AL5 + OF = 2Mg}, + V5 + ALOs;,  (2)
2Ca0 + 2Y§ + OF = 2Cay + Vg + Y5053, (3)

4Cr} + Oy + 2V = 20§ + 4Cry,. 4)

Although, for the Cr*:YAG single crystals, the divalent addi-
tives were also employed as charge compensators; it is difficult
to solute a relatively high amount of divalent ions into the
lattice by the conventional Czochralski method due to the limi-
tation of the segregation coefficient [29]. As pointed out before,
the existence of a grain boundary is a typical characteristic of
ceramics. Doping cations with different ion radii would inevi-
tably induce internal stress inside grains, which would be
released by grain boundaries to a certain extent, and then
increase the solubility of the divalent ions, leading to the
enhanced conversion efficiency of Cr®* ions in Cr:YAG trans-
parent ceramics [Eqgs. (2)—(4)]. The above phenomenon could
be denoted as “grain boundary induced charge compensation
effect”, as seen in Fig. 6.

Besides the above effect, another reason that affects the con-
version efficiency of the Cr#* ion may be the “grain boundary
accelerated oxidation effect”. According to the Eq. (4), the tri-
valent Cr ions could be oxidized into the tetravalent state dur-
ing the air annealing process, and the grain boundaries would
provide rapid channels for the diffusion of oxygen atoms into
ceramics in Fig. 6, making it easier to promote the conversion
of Cr** ions, compared with that in single crystals. In fact, O,
annealing was necessary to promote the Cr conversion from
trivalent to tetravalent. In our experiment, even the divalent
sintering additives have been employed in the fabrication of
Cr:YAG transparent ceramics, where the dark brown color
could have appeared just after vacuum sintering [28]. This
phenomenon was in agreement with the reports about
the fabrication of Cr:YAG single crystals [30], in which the
color change just occurred after air annealing. Therefore, the
one-order higher Cr** conversion efficiency in Cr:YAG trans-
parent ceramics really resulted from the divalent sintering
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Fig. 6. Schematic diagram of the grain boundary effect in divalent-
additives-doped Cr:YAG transparent ceramics.
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additives and O, annealing under the assistance of grain boun-
daries, as shown in Fig. 6.

In addition, according to our previous report [24], by using
divalent additives with small particle sizes, the conversion effi-
ciency of the Cr¥* ion could be also promoted distinctly. Since
fine divalent additives would be more inclined to distribute
homogeneously at the micro level, the dissolution of divalent
cations in the YAG lattice could be increased accordingly.
Owing to the technical limitation, it is relatively hard to fab-
ricate Cr:YAG single crystals with a homogeneous doping ion
distribution by the conventional Czochralski method. On the
contrary, the intrinsic feature of the ceramic powder mixing
process provides the advantages mainly reflecting in the better
uniformity of divalent additives in the powder mixture. It is
beneficial for the conversion of tetravalent Cr ions in
Cr:YAG transparent ceramics.

What is more, from Figs. 4 and 5, the laser performance
between single crystals and ceramics was very similar, but
the thicknesses of the prepared ceramics were much smaller
than that of the single crystal. It is generally recognized that
the heat dissipation problem for a laser system could be effec-
tively mitigated if a thinner laser material is used. Besides, this
also effectively facilitates the miniaturization of laser devices.
Therefore, not only one-order-higher conversion efficiency
of Cr** ion, but also one smaller and more integrated, laser
device was achieved in Cr:YAG transparent ceramics instead
of single crystals. In the following work, the nonlinear trans-
mission of Cr:YAG transparent ceramics will be systematically
studied. Furthermore, it can be expected that the potential ap-
plication of transparent Cr:YAG ceramics-based Q-switched la-
sers is foreseen in the future [31,32], especially in the fields of
medical treatment and industrial production due to the super-
high repetition frequency observed in this study.

4. CONCLUSIONS

In this study, highly transparent Cr:YAG ceramics were success-
fully fabricated to achieve the passively Q-switched laser.
Amazingly, for the 0.05 at.% Cr:YAG ceramics, the Cri+

Vol. 7, No. 8 / August 2019 / Photonics Research 937

ion conversion per unit volume was nearly nine times higher
than that of the 0.1 at.% Cr:YAG single crystal, due to the
synergistic contributions of the “grain boundary induced
charge compensation effect” and the “grain boundary acceler-
ated oxidation effect.” In addition, by using 0.05 at.%
Cr*t:YAG ceramics coated with HT films (7 = 86.46% at
1064 nm) as the saturable absorber, a maximum output power
of 100.8 mW at 1064 nm was obtained under an incident
pump power of 2.14 W, with a threshold of 458.4 mW. The
corresponding slope efficiency was 6.67%. Moreover, the rep-
etition frequency of 0.05 at.% Cr#**:YAG ceramics (217 kHz)
was three times higher than that of corresponding crystals. The
superiority of transparent ceramics over single crystals was
proved by laser experiment for the first time, to the best of our
knowledge. Therefore, Crit:YAG transparent ceramics are a
better saturable absorber for 1 pm passively Q-switched
solid-state lasers than its single crystal counterpart. This study
also provides a feasibility for the application of transparent
ceramics in other fields, especially in the field of ultrafast
dynamics (e.g., mode-locking laser).
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