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1  Introduction

The ytterbium ion (Yb3+) is attractive for laser opera-
tion near 1 μm (2F5/2 → 2F7/2 transition). Yb lasers can be 
pumped with commercial high-power InGaAs laser diodes 
emitting at 930–980 nm. The simple energy level scheme 
of the Yb3+ ion and the associated absence of parasitic pro-
cesses like up-conversion and excited-state absorption lead 
to a low heat loading and exceptionally high slope efficien-
cies (>80 %). In addition, some tuning of the laser wave-
length is also possible with Yb lasers, similar to vibronic 
transition metal lasers.

In recent years, two crystal families attracted attention 
for Yb3+ doping; these are the monoclinic double tung-
states, KRE(WO4)2 [1], and tetragonal vanadates, REVO4 
[2, 3] (where RE stands for a “passive” element like Gd, Y 
or Lu). Both crystal families offer attractive spectroscopic 
properties [1, 2], in particular highest absorption and stim-
ulated-emission cross sections (among the known hosts for 
Yb3+ ions) with a strong polarization anisotropy and rela-
tively broad emission bands. REVO4 crystals are character-
ized with good thermal [4] and thermo-optical properties 
[5] that can compete with YAG. The feature of KRE(WO4)2 
host is the large dopant ion–ion separation which enables 
doping with Yb3+ ions at very high concentrations [6] that 
enables engineering of various geometries of the active 
medium [7, 8]. Among “passive” RE3+ ions, lutetium 
(Lu3+) is the most suitable one to be substituted by Yb3+ 
due to a close matching of their ionic radii. Indeed, for an 
eightfold oxygen coordination, R(Lu3+)  =  0.977 Å and 
R(Yb3+) =  0.985 Å. This closeness of ionic radii implies 
low distortions of the crystalline lattice and good optical 
quality. Thus, Yb:KLu(WO4)2 and Yb:LuVO4 crystals are 
very promising for the development of efficient and high 
reliable Yb lasers.
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Efficient Yb:KLu(WO4)2 and Yb:LuVO4 lasers working 
in the continuous-wave (CW) [9, 10], Q-switched [11] and 
mode-locked [12, 13] operation modes were reported pre-
viously. In particular, passive Q-switching (PQS) of a solid-
state laser with a saturable absorber (SA) is a commonly 
used method to produce nanosecond-long pulses from a 
compact and reliable all-solid device that does not require 
external control like for the active Q-switching. Recently, 
novel types of SAs based on carbon nanostructures (e.g., 
graphene and carbon nanotubes) emerged as suitable 
absorbers for PQS.

Graphene is a two-dimensional material composed of a 
single layer of carbon atoms arranged in a honeycomb lat-
tice. It shows relatively strong linear absorption (2.3 % for 
a single layer) with a weak wavelength dependence [14] 
as well as absorption saturation, that is, of practical use 
for PQS and mode locking [15]. Graphene-SAs exhibit a 
high damage threshold, low saturation intensity and ultra-
fast carrier dynamics [16, 17]. To date, graphene-SAs have 
been used for PQS of Yb lasers basically in the waveguide 
[18–20] and fiber [21–23] configurations. Although genera-
tion of sub-100 ns pulses was demonstrated, pulse energies 
remained relatively low (typically, tens of nJ).

In the present paper, we aimed to realize compact 
Yb:KLu(WO4)2 and Yb:LuVO4 lasers passively Q-switched 
with a graphene-SA. Graphene PQS of bulk Yb lasers can 
provide significant improvement in the pulse energy, while 
the use of compact cavity design (including plano-plano 
one) is beneficial for the reduction in the pulse duration. In 
addition, using graphene high pulse repetition frequencies 
are possible up to the MHz level.

2 � Experimental

Two laser crystals were studied, namely Yb:KLu(WO4)2 
(or Yb:KLuW) and Yb:LuVO4. The Yb:KLuW crystal was 
grown by the top-seeded solution growth slow-cooling 
(TSSG-SC) method using a b-oriented seed. It was 3 at.% 
Yb doped (the actual ion density NYb measured with elec-
tron probe microanalysis, EPMA, was 1.80  ×  10−20  at/
cm3). The active element from this crystal was cut along 
the Ng optical indicatrix axis and it was 1.5 mm thick. Both 
3 ×  3 mm2 m × p faces of the element were polished to 
laser quality and remained uncoated. The Yb:LuVO4 
crystal was grown by the conventional Czochral-
ski method along the a-axis. It was 1.5 at.% Yb doped 
(NYb  =  2.04  ×  10−20  at/cm3). The 2.0-mm-thick active 
element was a-cut and its faces, 3.3(c) ×  3.3  mm2, were 
polished but remained uncoated. The active elements were 
mounted in a copper holder water-cooled to 12  °C using 
indium foil to improve the thermal contact. The parameters 
of the studied laser crystals are summarized in Table 1.

The chosen Yb doping levels are typical for KLuW and 
LuVO4 host crystals. In the particular case of Yb:LuVO4, 
low doping is required to maintain a good crystal quality. 
For both materials, the chosen doping ensured uniform heat 
distribution under diode pumping and prevented their stress 
fracture.

The laser cavity consisted of a flat pump mirror (PM) 
antireflection (AR) coated for 0.9–1.0 μm and high-reflec-
tion (HR) coated for 1.02–1.20 μm and a flat or concave 
(R  =  50  mm) output coupler (OC) with transmission, 
TOC =  5 or 10  % at the laser wavelength. A commercial 
transmission-type graphene saturable absorber (SA) from 
Graphene Supermarket was inserted at normal incidence 
between the crystal and the OC. The SA consisted of a 
1.05-mm-thick fused silica substrate with a single-layer gra-
phene deposited by the chemical vapor deposition (CVD) 
method. The clean face of the substrate was uncoated. The 
initial transmission of the graphene-SA at the laser wave-
length, T (substrate +  graphene)/T (substrate) =  97.8  %, 
Fig. 1a. This agrees well with the universal transmission of 
a single-layer graphene, T =  1 − πα ≈  97.7 % (α is the 
fine structure constant). The characterization of this sample 
with Raman spectroscopy indicates a ratio of the integrated 
areas of the 2D and G bands of ~4, confirming the presence 
of a single carbon layer [24], Fig. 1b. The air gaps between 
PM, laser crystal, SA and OC were all below 0.5 mm, thus 
resulting in a total geometrical cavity length of ~4  mm. 

Table 1   Parameters of the studied Yb:KLuW and Yb:LuVO4 crystals

Parameter Yb:KLuW Yb:LuVO4

Growth method TSSG Czochralski

Crystal class Monoclinic/biaxial Tetragonal/uniaxial

Yb doping 3.0 at.% 1.5 at.%

NYb (10−20 at/cm3) 1.80 2.04

Crystal cut Ng-cut a-cut

Aperture (mm2) 3.0(m) × 3.0(p) 3.3(c) × 3.3

Thickness (mm) 1.5 2.0

Fig. 1   Characterization of the graphene-SA: a transmission spec-
trum, T(substrate + graphene)/T(substrate) = 97.8 %. b Raman spec-
trum
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The cavity configuration with the flat or concave OC will 
be called plano-plano or plano-concave, respectively. The 
laser operating with the plano-plano cavity represented the 
first step to the true microchip setup. In this case, all cavity 
elements were placed in contact with each other without air 
gaps.

The laser crystal was pumped by a fiber-coupled (fiber 
core diameter: 200 μm, N.A.: 0.22) InGaAs laser diode at 
~978  nm. The lens assembly with imaging ratio 1:1 pro-
vided a pump spot radius in the crystal of wp = 100 μm; 
the confocal parameter 2zR was 3.2 mm. The total absorp-
tion in the crystal amounted to 29  % for Yb:KLuW and 
51 % for Yb:LuVO4. No bleaching of the crystal absorption 
was observed under unpolarized pumping. A fast (200 ps) 
InGaAs photodiode and 2 GHz Tektronix DPO5204B digi-
tal oscilloscope were used for detection of the Q-switched 
pulses.

3 � Results and discussion

First, let us discuss the choice of the laser cavity geom-
etry for Q-switching experiments. Although graphene 
shows almost wavelength-insensitive linear absorption 
from ~0.5  µm up to at least ~3  µm (~2.3  %), its nonlin-
ear properties show strong dispersion. In particular, the 
saturation intensity Isat increases with the photon energy 
hν and, as a result, Isat (1 µm) is almost twice higher than 
Isat (2  µm) [16]. Thus, deep saturation of graphene-SA in 
Yb laser requires special efforts by providing high intra-
cavity intensity which can be reached by the reduction in 
the size of the laser mode on the SA. Second, due to very 
low saturable absorption (~0.1 %), the typical pulse dura-
tions in graphene Q-switched lasers are from few hundreds 
of nanoseconds to few microseconds. The improvement in 
this parameter requires a reduction in the cavity roundtrip 
time. Compact plano-concave and plano-plano cavities can 
provide the generation of ns Q-switched pulses, as well as 
small size of the laser mode on the SA.

The input–output dependences for the PQS regime of the 
Yb:KLuW and Yb:LuVO4 lasers are presented in Fig. 2a. 
The laser emission was linearly polarized, E||Nm. For the 
plano-concave cavity, stable PQS was achieved with both 
OCs. For TOC = 10 %, the maximum average output power 
of 170 mW was achieved with a slope efficiency η = 12 % 
(with respect to the absorbed pump power, Pabs). The laser 
threshold was at Pabs = 1.6 W and the Q-switching conver-
sion efficiency with respect to the CW mode ηconv (when 
the SA was removed from the cavity) amounted to 22 %. 
For 5 % OC, the laser performance was deteriorated. The 
maximum output power only reached 81 mW and η = 7 %. 
In the plano-plano cavity configuration, stable PQS was 
achieved only for TOC = 10 %. The maximum output power 

was 113 mW and the slope efficiency was η = 6 %, that is, 
lower than for the plano-concave cavity; however, the laser 
threshold was reduced to Pabs = 1.2 W.

For the Yb:LuVO4 laser, stable PQS was achieved for 
all the studied cavity configurations, as shown in Fig. 2b. 
The emission from this laser was linearly polarized, E||c 
(π-polarized) which agrees with previous results with a-cut 
Yb:LuVO4 active elements [10]. The best results in terms 
of the output power (310 mW) and slope efficiency (17 %) 
corresponded to the plano-plano cavity and TOC =  10  %. 
The Q-switching conversion efficiency was 37 %. The laser 
threshold, however, was at ~4.0 W which is attributed to 
the inferior crystal quality (as compared with Yb:KLuW). 
For 5 % OC, a similar level of output power was achieved 
(300  mW) with a reduced η =  10  %. For the plano-con-
cave cavity, the results were inferior. Indeed, for TOC = 10 
or 5 %, the Yb:LuVO4 laser generated only 155 mW with 
η =  9 % or 169 mW with η =  5 %, respectively. Mode-
ling of the performance of Yb:KLuW and Yb:LuVO4 lasers 
yielded ~4 % round-trip loss for the graphene-SA that lim-
ited the Q-switching conversion efficiency, in addition to 
the loss related to the Fresnel reflection from an uncoated 
substrate. As it will be shown later, this corresponded to 
non-saturable loss in the graphene-SA.

For both Yb:KLuW and Yb:LuVO4 lasers, an upper limit 
for stable PQS existed: The laser cavity was still stable and 
no drop of the output power was observed; however, it was 
difficult to achieve a stable train of Q-switched pulses. It 
was observed at Pabs ~ 3 W for Yb:KLuW laser and ~6.2 W 
for Yb:LuVO4. It corresponded to the same level of residual 

Fig. 2   Input–output dependences of the graphene-SA passively 
Q-switched lasers: a Yb:KLuW and b Yb:LuVO4: open symbols—
plano-plano cavity, filled symbols—plano-concave cavity, lines are 
the fitting of the experimental data for the slope (η) calculation
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(non-absorbed) pump power, ~5 W. Intensity instabilities in 
graphene Q-switched compact lasers are attributed to the 
heating of the SA due to the residual pump [25]. A mis-
match of the thermal expansion coefficients for graphene 
and substrate (fused silica) [26] causes a compressive strain 
in the graphene layer with rising temperature and can, in 
principle, lead to its slip or buckling from the substrate sur-
face. This can lead to a spatially nonuniform increase in the 
non-saturable losses in graphene-SA. However, no damage 
of the graphene-SA was observed in our experiments.

The emission spectra from the Yb:KLuW and Yb:LuVO4 
lasers are shown in Fig.  3. For both lasers, the spec-
tra consisted of a single narrow (full width at half maxi-
mum, FWHM  <  0.5  nm) emission line that was centered 
at 1030 or 1032 nm for Yb:KLuW and 1021 or 1024 nm 
for Yb:LuVO4 (for TOC =  5 or 10  %, respectively). The 
observed blue shift of the emission wavelength with the 
increase in output coupling is typical for quasi-three-level 
Yb lasers and it is in accordance with the gain spectra [1]. 
The spectra were clearly different from those in CW regime 
where a multi-peak behavior was observed.

For Yb:KLuW, the shortest Q-switched pulses were 
obtained with the plano-concave cavity and TOC =  10 %. 
The corresponding dependence of the pulse duration 
(FWHM) and pulse repetition frequency (PRF) is shown 
in Fig.  4a. With the increase in pump level from 1.6 to 
2.9  W of absorbed power, the pulse duration shortened 
from ~800 to 165 ns (this dependence shows a saturation 
for Pabs  >  2.5  W) and the PRF increased nearly linearly 
from 60 to 350 kHz. The saturation of the pulse duration 
dependence is attributed to the nearly complete saturation 
of the graphene-SA. The use of 5 % OC provided slightly 
longer pulses, 210 ns at PRF = 320 kHz. For the Yb:KLuW 
laser with the plano-plano cavity (using TOC  =  10  %), 
280 ns pulses were achieved at a PRF of 240 kHz. For the 
Yb:LuVO4 laser, the shortest Q-switched pulses (152  ns, 
PRF  =  360  kHz) were generated using the plano-plano 
cavity configuration and TOC = 5 %, as shown in Fig. 4b. 
Similar pulse characteristics (165  ns/340  kHz) were 

detected for this OC using the plano-concave cavity. For 
10 % OC, much longer pulses were achieved.

The oscilloscope records of the shortest Q-switched 
pulses and the corresponding pulse trains obtained for 
Yb:KLuW and Yb:LuVO4 lasers are shown in Fig. 5. The 
intensity instabilities in the pulse trains were ~15 %. This 
value is determined by the above-mentioned heating of 

Fig. 3   Emission spectra of the graphene-SA passively Q-switched 
lasers: a Yb:KLuW (Pabs = 2.9 W), and b Yb:LuVO4 (Pabs = 6.1 W, 
plano-concave cavity)

Fig. 4   Pulse duration (FWHM) and pulse repetition frequency 
(PRF) of the graphene-SA passively Q-switched a Yb:KLuW 
laser (TOC =  10  %), b Yb:LuVO4 laser with the plano-plano cavity 
(TOC = 5 %); symbols are the experimental data; curves refer to the 
modeling

Fig. 5   Single pulse and pulse train records for graphene-SA pas-
sively Q-switched a, b Yb:KLuW laser with the plano-concave cavity 
(TOC = 10 %) and c, d Yb:LuVO4 laser with the plano-plano cavity 
(TOC = 5 %)
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graphene-SA. An asymmetric shape of the single pulses 
indicates that the ratio between the initial transmission of 
the graphene-SA (that can be varied by the number of gra-
phene layers n) and the output coupler transmission can be 
further optimized.

By using the data on the average output power, PRF 
and pulse duration, we calculated the pulse energies 
(Eout = Pout/PRF) and peak powers (Ppeak = Eout/τ) for the 
Yb:KLuW and Yb: LuVO4 lasers. For the Yb:KLuW laser 
with a plano-concave cavity, the maximum pulse energy 
reached 0.49 μJ and it corresponded to a maximum peak 
power of 3.0 W (TOC =  10 %). Yb:LuVO4 laser with the 
plano-plano cavity provided a nearly twofold increase in 
the two parameters, 0.94 μJ/3.9 W and 0.84 μJ/5.5 W for 
TOC = 10 and 5 %, respectively. The pulse energy and peak 

power dependences on the absorbed pump power for the 
described lasers are presented in Fig.  6. The peak power 
increased nearly linear with Pabs, while the pulse energy 
was saturated at high pump levels, probably due to the 
heating of the SA.

A summary of the PQS performance of Yb:KLuW and 
Yb:LuVO4 lasers is presented in Table 2.

The different behavior of Yb:KLuW and Yb:LuVO4 
lasers for plano-concave and plano-plano cavity configu-
rations can be explained considering the intracavity peak 
intensity on the SA, Iin. In order to calculate Iin, we con-
sidered the spatial and temporal distribution of the laser 
beam. In the assumption of TEM00 laser mode and nearly 
Gaussian temporal profile of single pulses, Iin = X[2Eout/π
wl

2τ*], where X =  (1 + R)/(1 − R) and R is the reflectiv-
ity of the OC, wl is the radius of the laser mode, the term 
“2” indicates Gaussian spatial profile and τ* ≈ 1.06τ is the 
effective pulse duration. To estimate the value of the laser 
waist (wl), first we calculated the sensitivity factor of the 
thermal lens [27], M = 2.1 and 3.7 m−1/W for Yb:KLuW 
and Yb:LuVO4 crystals, respectively. Thus, the value of wl 
for the plano-plano/plano-concave cavities was ~61/42 μm 
(for Yb:KLuW) and ~44/38 μm (for Yb:LuVO4), respec-
tively, that was always below the radius of the pump beam, 
wp. The results on Iin are then summarized in Table 3. The 
values Iin should be compared with the typical value of 
saturation intensity for CVD-grown single-layer graphene, 
Isat ~ 0.7–1 MW/cm2 at ~1 μm [16].

For the Yb:KLuW laser with a weaker thermal lens 
than Yb:LuVO4, the use of concave OC has a significant 
effect on the laser mode and, hence, on the intracavity 
intensity. For Yb:KLuW laser with the plano-plano cavity, 
Iin ~ 0.6 MW/cm2 that is slightly below the Isat value. How-
ever, for the plano-concave cavity, Iin is ~2 times higher 
than the saturation intensity. This means stronger bleaching 
of the SA and, consequently, generation of shorter pulses, 
as given in Table 2. For the Yb:LuVO4 laser with a stronger 

Fig. 6   Pulse energy and peak power of the graphene-SA pas-
sively Q-switched a Yb:KLuW laser with the plano-concave cav-
ity (TOC  =  10  %), b Yb:LuVO4 laser with the plano-plano cavity 
(TOC = 5 %): symbols are the experimental data, curves refer to the 
modeling

Table 2   Output characteristics 
of the Yb:KLuW and Yb:LuVO4 
lasers passively Q-switched 
with a single-layer graphene-SA

Pth, laser threshold; Pout, output power; η, slope efficiency; ηconv, Q-switching conversion efficiency; τ, 
pulse duration; PRF, pulse repetition frequency; Eout, pulse energy; Ppeak, peak power

Cavity TOC (%) Pth (W) Pout (mW) η (%) ηconv (%) τ (ns) PRF (kHz) Eout (μJ) Ppeak (W)

Yb:KLuW

 Plano-concave 10 1.6 170 12 22 165 350 0.49 3.0

5 1.5 81 7 7 210 320 0.25 1.2

 Plano-plano 10 1.2 113 6 13 280 240 0.47 1.7

5 Unstable PQS

Yb:LuVO4

 Plano-concave 10 4.6 155 9 35 190 270 0.57 3.0

5 3.5 169 5 19 165 340 0.50 3.0

 Plano-plano 10 4.0 310 17 37 240 330 0.94 3.9

5 3.2 300 10 28 152 360 0.83 5.5
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lens, both flat and concave OCs provide similar size of the 
laser mode (that is rather small) and, consequently, simi-
lar intracavity intensity values, about ~2.5 and 5–7  MW/
cm2 for 10 and 5 % OC, respectively. Both these values are 
much higher than the saturation intensity, so almost com-
plete bleaching of the graphene-SA for the Yb:LuVO4 laser 
is expected. It also explains the generation of shorter pulses 
with higher energies for this laser.

To model the characteristics of our graphene Q-switched 
lasers, we have solved the system of rate equations for a 
quasi-three-level laser material and fast saturable absorber:

Here, we have introduced two variables: (1) Il—radiation 
intensity in the laser crystal at the laser frequency νl and (2) 
N2—population of the upper laser level (N1 + N2 = NYb, 
where N1 is the population of the ground-state and NYb is 
the concentration of Yb3+ ions). Both of these variables are 
considered as averaged over the crystal length and over the 
transverse dimensions. The remaining parameters are as 
follows: c is the light velocity; μ =  lan/lc is the resonator 
filling factor; la is the active element length; n is the refrac-
tive index of the active element; lc is the optical length of 
the resonator, kl = N2σl − NYbσ

l
abs is the gain coefficient at 

the laser frequency νl (σl = σl
SE + σl

abs, σ
l
SE and σl

abs are the 
stimulated-emission (SE) and absorption cross sections of 
the active material at the laser frequency νl, respectively), 
kL = –[ln(1 − TOC) + ln(1 − L)]/(2la) is the resonator loss 
coefficient, where TOC is the transmission of the output 
coupler and L is the round-trip passive intracavity loss, αSA 
is the loss coefficient in the saturable absorber, Inoise is the 
noise rate, Ip =  Ip

inc[(1 −  exp(−kpla))/kpla] is the average 
pump intensity (Ip

inc = Pinc/πwp
2 is the incident pump inten-

sity, Pinc is the incident pump power and wp is the pump 
spot radius), h is the Planck constant, νp is the pump fre-
quency, kp = NYbσ

p
abs − N2σp is the absorption coefficient 

for the pump radiation (σp = σp
SE + σp

abs, σ
p
SE and σp

abs are 
the SE and absorption cross sections of the active material 
at the pump frequency νp, respectively), τ is the lifetime of 
the upper laser level (2F5/2 level of Yb3+).

(1a)
dIl

dt
=

cµ

n
[kl − kL −

1

la
αSA(Il)]Il + Inoise,

(1b)
dN2

dt
=

Ip

hνp
kp −

Il

hνl
kl −

N2

τ
.

The saturable absorption of graphene is typically 
described as [15, 16]:

where αNS′ and αS′ are the non-saturable and saturable 
absorption of graphene, respectively (where the absorp-
tion, α′, and transmission, T, are related as α′ =  1 −  T, 
and αNS′ + αS′ = 1 − TSA, TSA is the initial transmission 
of the graphene-SA) and Isat is the saturation intensity for 
graphene-SA. As already mentioned, for our graphene sam-
ple, the initial absorption was 2.2 %. For the modeling, the 
saturation intensity of a single-layer graphene at ~1  µm 
was taken as 1.0 MW/cm2 [16]. Typically for a single-layer 
graphene, αS′ is considered to be 1.5 % [16]. However, our 
calculations for the lasers studied here indicated that the 
saturable absorption of the used graphene sample is lower, 
~0.2 %. This explains the relatively high insertion loss for 
the graphene related to high non-saturable absorption.

The solution of Eqs.  (1a, 1b) yielded a time-depend-
ent intracavity laser intensity Il(t) which was used to cal-
culate the output laser power, Pout(t)  =  Il(t)Vlkact, where 
Vl = laπwl

2/2 is the volume of the laser mode in the active 
element (wl is the radius of the laser mode) and kact is the 
coefficient of the saturable losses, kact = −[ln(1 − TOC)]/
(2la). From the time-dependent Pout(t), we have calculated 
the pulse duration (as FWHM), the pulse energy and the 
PRF for the Q-switched pulses. The material parameters 
of Yb:KLuW and Yb:LuVO4 (absorption and SE cross 
sections, refractive indices and 2F5/2 lifetime) used for the 
modeling are listed in Table 4. The results from the calcula-
tions are shown as solid curves in Figs. 4 and 6. The used 
model provides rather good agreement with the experimen-
tal data. The largest deviation of the calculated data from 
the experimental ones is observed for PRF which is lower 
than expected from modeling. However, the latter cor-
rectly represents the pulse energies. Thus, the modeling 
predicts the generation of higher average output power 
(Pout  =  PRF·Eout) than observed in the experiment. We 
refer this to the temperature variation of the spectroscopic 
properties of the laser crystal which can lead to the drop in 
laser output.

The developed Yb:KLuW and Yb:LuVO4 lasers with a 
plano-plano cavity represent the first step to Yb microchip 

(2)α′
SA(Il) = α′

NS +
α′
S

1+ (Il/Isat)
,

Table 3   Mode-matching analysis and intracavity peak intensity for graphene Q-switched Yb:KLuW and Yb:LuVO4 lasers

Crystal M (m−1/W) wp (μm) Cavity wl (μm) Iin (5 %OC, MW/cm2) Iin (10 %OC, MW/cm2)

Yb:KLuW 2.1 100 Plano-concave 42 ± 5 1.6 2.0

Plano-plano 61 ± 5 – 0.6

Yb:LuVO4 3.7 100 Plano-concave 38 ± 5 5.2 2.5

Plano-plano 44 ± 5 7.0 2.5
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lasers passively Q-switched with graphene. For these 
lasers, the stabilization of the laser mode is provided by 
the positive thermal lens (M  >  0). Although positive sign 
of the thermal lens is inherent for tetragonal vanadates due 
to the positive thermo-optical coefficients (dn/dT) [5], the 
positive thermal lens for Yb:KLuW (with dn/dT  <  0) is 
provided by the special crystal cut along the Ng-axis. For 
this crystal cut, positive impact of thermal expansion of the 
laser element compensates negative impact of dn/dT [28]. It 
should be noted that in our previous work on graphene PQS 
of Yb:YAG [29], the attempt to build a Q-switched micro-
chip laser failed mainly due to the weak positive thermal 
lens in this crystal, with M  ~  1.7  m−1/W, and hence, the 
weak mode confinement in the cavity was not enough to 
bleach the graphene-SA, and thus, a curved output coupler 
had to be used.

In Table  5, we compare the performance of graphene-
SA Q-switched Yb lasers developed previously and in 
the present work. With a Yb:Y2O3 waveguide laser, sub-
100 ns pulses were achieved, however, with a much lower 
pulse energy (0.08  μJ) [20] than in the present work. 
Later on in [30], this result was improved, generating 
158 ns/0.33 μJ pulses. Low pulse energies were due to a 
very high PRF reaching the MHz level. Yb fiber lasers per-
mit optimization of either pulse duration or energy but not 
both, so the achieved parameters, 70  ns/0.046 μJ [21] or 
1600 ns/0.65 μJ [23], are not comparable with our results 
with bulk lasers in terms of peak power.

Further optimization of graphene-SA Q-switched com-
pact Yb lasers is possible with the use of multilayered 

graphene (n = 2…4) that can provide an increased modu-
lation depth and, hence, shorten the pulses to ~10 ns with 
pulse energy reaching >10 μJ, as it can be expected from 
the modeling. In particular, the compactness of the laser 
cavity is clearly beneficial when using graphene because it 
allows for a reduction in the pulse duration with respect to 
the standard hemispherical cavities by a factor of ~10, as 
recently shown for graphene-SA Q-switched Tm:KLuW 
microchip laser [25]. The microchip lasers also offer the 
possibility of direct deposition of graphene on the crystal 
face without the need of additional focusing. An impor-
tant question for power scaling is then the reduction in 
the unwanted heating of the SA by the residual pump that 
is inherent to the microchip design. This can be done by 
increasing the Yb doping concentration which is possible 
for the KLuW crystal.

Improvement in the quality of the graphene-SA is 
essential for minimization of its insertion loss and, thus, 
to increase the laser slope efficiency. In our experiments, 
both laser crystals were uncoated. This did not affect the 
Q-switched laser performance (it just contributed to the 
passive intracavity losses). However, AR coatings on crys-
tal surfaces will potentially improve the laser efficiency.

4 � Conclusions

We report on bulk Yb lasers passively Q-switched with a 
single-layer graphene-SA. It is shown that although gra-
phene possesses a high saturation intensity at ~1 μm, it can 

Table 4   Material properties 
of Yb:KLuW and Yb:LuVO4 
used for modeling of the 
Q-switched laser performance, 
in accordance with [1, 10]

Superscripts “p” and “l” correspond to the values at the pump and laser wavelengths, respectively

Parameter Notation Unit Yb:KLuW (E||Nm) Yb:LuVO4 (E||c)

Absorption cross section σp
abs/σ

l
abs 10−20 cm2 3.0/0.2 3.1/0.2

SE cross section σl
SE/σp

SE 10−20 cm2 2.3/3.2 1.4/3.0

Refractive index n 2.0294 2.249

Lifetime of the 2F5/2 state τ µs 275 256

Table 5   Comparison of the 
output characteristics of the 
current Yb lasers passively 
Q-switched with graphene-SA

Laser/type Pout (mW) η (%) τ (ns) PRF (kHz) Eout (μJ) Refs.

Yb:KY(WO4)2/waveguide 34 9 349 607 0.059 [19]

Yb:Y2O3/waveguide 83 25 98 1040 0.080 [20]

Yb:Y2O3/waveguide 456 13 158 1470 0.33 [30]

Yb:glass/waveguide 21 3 140 833 0.027 [18]

Yb/fiber 12 – 70 257 0.046 [21]

Yb/fiber 16 – 1300 110 0.142 [22]

Yb/fiber 35 – 1600 55 0.65 [23]

Yb:KLu(WO4)2/bulk 170 12 165 350 0.49 This work

Yb:LuVO4/bulk 300 10 152 360 0.83 This work

Yb:YAG/bulk 185 12 228 285 0.65 [29]
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be used to provide stable PQS of Yb lasers when using a 
compact laser setup (including the microchip-like config-
uration), as well as active materials with a strong thermal 
lens. These are the factors that can provide deep bleach-
ing of the SA due to a strong mode confinement, and gen-
eration of nanosecond pulses both due to the reduction 
in the cavity roundtrip time and to the above-mentioned 
deep bleaching. With the compact (~4-mm-long), diode-
pumped Yb:KLuW and Yb:LuVO4 lasers, we achieved 
165 ns/0.49 μJ and 152 ns/0.83 μJ pulses, respectively. The 
maximum average output power from the Yb:LuVO4 laser 
with the plano-plano cavity reached 310 mW at 1021 nm 
with 17 % slope efficiency (corresponding to 240 ns pulses 
and a PRF of 330 kHz). Further improvement in the out-
put characteristics of graphene Q-switched Yb lasers is 
expected with the use of multilayered graphene.
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