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Abstract

Semiconductor disk lasers (SDLs) are efficient and commercially attractive de-
vices as they can emit several Watts in continuous-wave (cw) operation, with
good beam quality, low noise and great wavelength flexibility. SDL fundamental
emission ranges from red to mid-infrared, while ultraviolet and other visible wave-
length can be obtained via harmonic generation. This research shows that Raman
conversion is an efficient way to extend the spectral coverage of well-established
SDLs.

The first experimental work consisted in the demonstration of a KGW Raman
laser intracavity-pumped by a 1055 nm InGaAs SDL for laser emission at ~1.14
pm. This work represents the first Raman conversion of an SDL ever reported.
Output power up to 0.8 W, broad wavelength tunability and cascaded Raman
conversion (with low output coupling) were observed.

The following experiment consisted in using synthetic single-crystal diamond
as the Raman medium. In the last few years diamond has become a prominent
Raman crystal as it provides high Raman gain, large Stokes shift and unrivalled
thermal conductivity. A diamond Raman laser intracavity-pumped by an In-
GaAs SDL emitted up to 4.4 W at 1228 nm and was tuned from 1209-1256 nm.
With an optical conversion efficiency exceeding 14%, this laser rivals the optical
efficiencies of other cw Raman lasers and, perhaps more importantly, SDLs with
direct emission at ~1.2 ym. Orange emission, with maximum output power of
1.5 W at 614 nm and wavelength tuning from 604.5-619.5 nm, was obtained via
intracavity second harmonic generation in the Raman laser cavity.

Raman conversion of a red-emitting GalnP SDL using a synthetic diamond
crystal is also reported. As GalnP SDLs are less efficient than InGaAs SDLs, Ra-
man threshold was more difficult to achieve, despite the Raman gain increasing
for decreasing wavelengths. Nonetheless, Raman conversion in the deep red was
observed, with output power of few tens of uW, due to the low output coupling
for the Raman laser, and tunable emission from 738-748 nm. This work is still
at an early stage, so higher output power and enhanced laser efficiency may be

achieved in future experiments.
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Synthetic single-crystal diamond used for Raman lasers.

Picture of the diamond Raman laser intracavity-pumped by the InGaAs SDL.

Generation of visible (orange) light via frequency doubling of the SDL-pumped
diamond Raman laser.
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Chapter 1 - Semiconductor disk lasers

Chapter 1

Semiconductor disk lasers

1.1 From semiconductor lasers to semiconduc-

tor disk lasers

Today, semiconductor lasers represent the greatest portion of the laser market
as they find application in telecommunication, medicine, image scanning, spec-
troscopy and CD/DVD/Blu-ray technology. They are also widely employed as
pump sources for solid-state lasers. Semiconductor lasers require a direct bandgap
material as the active medium, as lasing with indirect bandgap materials, such
as silicon and germanium, is highly inefficient. As a matter of fact, the first
optically-pumped germanium laser has been reported in 2010 [1], while the first
electrically-injected germanium laser has been reported this year [2].

The first semiconductor lasers were based on p-n homojunctions which were
only able to work at cryogenic temperatures [3,4]. The subsequent development
of double-heterostrucure (DH) lasers and quantum well (QW) lasers opened up
the way to the production of efficient semiconductor lasers operating at room
temperature. In DH lasers, a low bandgap material (active layer) is sandwiched
between two higher bandgap cladding layers [5]. Compared with homojunction
lasers, the threshold current density is reduced by two orders of magnitude [6],
thanks to an enhanced contrast in bandgap which increases the concentration of
electrons and holes in the active layer and improves the optical confinement. In
QW lasers, the active layer is very thin (~10 nm), comparable to the de-Broglie
wavelength (A = h/p), so the electron energy levels are quantized. Compared
with bulk materials, the gain in QW structures is greater and less dependent on
temperature [7]. The wavelength emission in QW lasers is not only determined
by the bandgap energy, but also by the QW thickness.

DH and QW configurations were first employed as edge-emitting lasers. In
such devices the laser beam propagates along a waveguide structure and is emit-
ted at one edge of the wafer. Edge-emitting lasers are characterized by stripe-

geometry, short cavity length (from ~100 pum to a few mm) and high gain, so
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that the laser threshold can be easily achieved even if the resonator losses are
quite high [6]. Narrow-stripe structures (transverse dimension ~10 pm) usually
provide good beam quality but relatively low output power (~100 mW), whereas
broad-area laser diodes (stripe width ~100 pm) emit high output power (even
hundreds of Watts), but poor beam quality.

Surface-emitting lasers are more recent devices where the laser beam is emit-
ted perpendicularly to the wafer surface. These devices are able to produce a
circular and low-divergent output beam. The active region consists of several
quantum wells with thickness of ~10 nm, thus the optical gain per pass is rather
small (few percent). To overcome this issue, the use of high reflectivity mirrors
(R > 99.9%), such as distributed Bragg reflectors (DBRs) [8], is necessary for
low lasing threshold and high efficiency. Surface-emitting semiconductor lasers
are divided in two main categories: vertical cavity surface-emitting lasers (VC-
SELs) and semiconductor disk lasers (SDLs).

VCSELSs are monolithic semiconductor wafers where the gain region is sand-
wiched between two Bragg mirrors [9,10]. They are pumped via current injection
provided by a ring electrode through which the output beam is extracted. To
ensure efficient carrier injection to the gain region, DBRs are made of doped
semiconductors. The threshold current density is usually very small (~kA /cm?),
thus considering that the pumped area is usually few tens pm?, the laser thresh-
old can be achieved for currents of few mA or even less. Thanks to the short
cavity length (few microns), VCSELs are well-suited for single-frequency opera-
tion, therefore they find application in optical fibre communication. VCSELs are
able to oscillate on a TEMy, mode, but the output power is usually limited to
few milliwatts because of the low gain and difficult power scaling via current in-
jection. Output power of tens or hundreds of Watts can be obtained by VCSELs
arrays with thousands of emitters [11], but at the cost of poor beam quality.

The need to combine high output power and good beam quality in a sin-
gle device was the motivation for the development of semiconductor disk lasers
(SDLs), otherwise called vertical external cavity surface-emitting lasers (VEC-
SELs). SDLs are semiconductor chips which are optically-pumped within an ex-
ternal resonator [12,13], although electrically-pumped SDLs (named NECSELS)
have been demonstrated as well [14]. The semiconductor disk contains a single
Bragg mirror and the gain region, which consists of several quantum wells sepa-
rated by barrier layers. Two optical pumping approaches have been developed:
“barrier pumping”, where pump photons are absorbed by barrier layers, and “in-

well pumping”. Recently, there has also been an increasing interest in quantum
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dot (QD) SDLs [15,16], which promise lower lasing threshold, greater wavelength
flexibility and low temperature sensitivity.

Unlike electrically-pumped semiconductor lasers, optically-pumped SDLs do
not require the use of doped semiconductors, therefore the growth process is rel-
atively simple. SDLs are able to generate relatively high optical power (tens or
hundreds Watts in cw operation [17-19]) and diffraction-limited beams at the
same time [18]. As the quantum wells in the gain region are very thin (~10
nm), the optical gain of an SDL is rather low, hence the optimum output cou-
pling is just a few percent. The resonator includes one or more external mirrors,
therefore SDLs can also contain additional intracavity elements as optical filters
for single-frequency and/or wavelength tuning, nonlinear crystals and saturable
absorbers for pulsed operation [20]. Thus SDLs provide extraordinary flexibility
in cavity design and emission wavelength. In the next pages of this chapter a
discussion about the wafer design, the thermal management and the performance

of semiconductor disk lasers is reported.

1.2 SDL: wafer design

The gain structure consists of a distributed Bragg reflector (DBR) mirror and
the gain region. The DBR is grown on the top of the substrate and has to
be highly reflective (HR, R>99.9%) at the operating wavelength. Above the
multilayer mirror there is the gain region which consists of a series of quantum
wells separated by barrier layers. A window layer is grown on the top of the
structure in order to inhibit carrier recombination at the surface. A cap layer
may also be deposited in order to prevent aluminium oxidation in the SDL chip.
In thinned devices the gain structure is grown in reverse order before removal
of the substrate [18]. A schematic of the gain structure of an SDL is shown in

Figure 1.1.

1.2.1 Distributed Bragg reflector (DBR)

DBRs consist of several pairs of semiconductor layers with high contrast in re-
fractive index. The structure has to satisfy the Bragg condition [21] and be non-
absorbent at the operating wavelength. To accomplish Braggs law, the thickness
of the materials has to be chosen so that the optical path length (OPD) is equal

to a quarter of the incident light wavelength:

OPD =nd = \/4 (1.1)
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Figure 1.1: Schematic of the layer structure of an SDL with typical bandgap
profile.

where n is the refractive index, d the layer thickness and A the photon wavelength.

The reflectivity of a DBR structure can be calculated using the transfer matrix
method [22], but in practice it is easier to model the DBR as a mirror with effective
reflectivity R and bandwidth A\ given by [8]:

R= (M) (1.2)
1+ qp2N
AN = o arcsin <ﬂ> (1.3)
T 14+p

where N is the number of pairs of the structure, A¢ is the central wavelength in the
reflectivity bandwidth, p = njow/Nhign 1s the refractive index ratio at the internal
interfaces and ¢ = n;/ng is the incident to exit refractive index ratio. Equations
(1.2) and (1.3) suggest that a small p factor, i.e. high contrast in refractive
index, is desirable for high reflectivity with broad bandwidth. A schematic of the
DBR structure and a typical reflectivity spectrum are shown in Figure 1.2. In
addition, the use of double-pass DBRs, with high reflectivity for both pump and
SDL wavelengths, reduces the pump absorption in the mirror and enhances the

amount of absorbed pump light in the gain region [23].

1.2.2 Gain region

On top of the DBR mirror is grown the gain region which consists of several
quantum wells (QWs) separated by barrier layers. QWs are thin layers, typically
<10 nm, separated by barrier layers with higher bandgap. The bandgap in semi-

conductor materials depends on the composition, the temperature and the strain
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Figure 1.2: Principle of operation (left) and typical reflectivity spectrum (right)
of a DBR mirror.

level in the structure. However, the transition energy of a quantum well, and
hence the wavelength emission of the SDL, is set not only by the QWs bandgap,
rather it also depends on the QWs width and the barrier bandgap.

1.2.2.1 Bandgap engineering

The band structures in semiconductors can be analysed in depth via the k - p
method [24]. The bandgap energy and the lattice parameter in elemental and
binary compounds is a fixed parameter with only temperature dependence. On
the other hand, in ternary and quaternary alloys the lattice parameter and the
bandgap can be varied by changing the ratio between the binary compounds.
The lattice parameter for a ternary semiconductor (a4,p, ,c) can be calculated

according to the empirical Vegard’s law [25]:

aa,B_,c =2 as+(1—2x) apc (1.4)

where a4c and ape are the lattice parameters for the binary compounds AC' and
B respectively, and x is the mole fraction. From Vegard’s law, the corresponding

bandgap energy (Ea,p, ,c) results to be:
EAzB1_zC' :JTEAO+ (1 —l‘)EBc+ZE(1 —ZL’)b (15)

where F ¢ and Ep¢ are the energy bandgaps for the binary compounds AC and
BC and b is the bowing parameter, which is a measure of the lattice disorder
caused by the presence of different atom species [26]. An overview of the lat-
tice parameter and energy bandgap for common III-V binary semiconductors is
shown in Figure 1.3. The continuous lines represent direct transitions for the
corresponding ternary alloys, whereas the dashed lines are for indirect bandgaps.

It is important to notice that semiconductor lasers are usually based on direct
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Figure 1.3: Bandgap energy vs. lattice parameter of II1I-V semiconductors [27].

bandgap materials. As a matter of fact, an indirect bandgap laser would necessi-
tate the absorption or emission of phonons, which would result in slow radiative
recombination and inefficient laser emission. The vertical dashed lines mark the
lattice-matched condition for the corresponding substrate. Quaternary materials
(A;B1_,CyDy_,) can tailor the bandgap for constant lattice parameter, offering
an additional degree of freedom as their compositions can be tweaked by two mole
fractions, x and y. However, the increased flexibility comes with more difficult

growth and limited stability in composition [26].

1.2.2.2 Temperature dependence of semiconductor bandgap

In 1967, Varshni published an article where he showed that the bandgap (E,) of a

semiconductor material decreases with temperature following this equation [28]:

T2
Eg (T) =FE -

e (1.6

where Fj is the bandgap at absolute zero and o and 3 are “Varshni parameters”,
which are available for most semiconductor materials. For increasing tempera-
tures the bandgap in semiconductors reduces because of increased lattice defor-
mation and electron-lattice interaction [28]. At room temperature the thermal

shift of the bandgap has approximately a linear trend.
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1.2.2.3 Strain effects on bandgap

Strain in SDL structures is due to the growth of dissimilar semiconductor layers
with different lattice parameters. For a material with lattice constant a deposited

on a substrate with lattice parameter ag, the strain € is:

apg — a

(1.7)

a

When € > 0 the strain is “tensile”, otherwise it is “compressive”. The origin of
strain can be understood by thinking that the deposited atoms (epilayer) can only
occupy lattice positions defined by the substrate. This means that at the inter-
face the epilayer has to match the substrate lattice, resulting in distorted lattice
structure and deformation along the growth direction. Strain energy increases
with the epilayer thickness [29]. However, when the epilayer thickness exceeds a
critical value, called “critical thickness”, the strain energy is released, resulting
in defects and dislocations which favour non-radiative recombination of charge
carriers, limiting the device performance and longevity. In practice, the greater
the strain the smaller the critical thickness, which is typically in the order of
tens or hundreds nm. Therefore, for a stable structure including several quantum
wells and barrier layers, it is crucial to balance the strain. A common technique
is “strain compensation”, where the total stress between two consecutive layers

is set to be zero. The condition for strain compensation is the following [30]:
tlAlglCLl + tQAQEQCLQ =0 (18)

where the subscripts 1 and 2 indicates the parameters for the first and the second

layer, t is the layer thickness, € the strain, a the lattice parameter and A is given
by:

2C%,
Cia

where C}; and C}5 are the elastic stiffness coefficients of the material.

A=Cy+Cip—

(1.9)

For some applications the strain is unavoidable or even desirable as it can ad-
just the bandgap and the gain polarization of the quantum wells. Besides strained
quantum wells may provide increased laser gain, resulting in lower threshold.
Olsen et al. reported a nearly linear shift of the bandgap with respect to the
strain between —0.3% < ¢ < 0.3% (see Figure 1.4 [31]). Higher strain levels lead
to cracks (tension side) and dislocations (compression side) in the structure.

Figure 1.5 from [32] shows how the strain affects the valence band of a quan-

tum well. In unstrained QWs the heavy hole (hh) sub-band is usually the ground
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strain, no strain and compressive strain [32].



Chapter 1 - SDL: wafer design

state, resulting in transverse electric (TE) gain polarization, where the electric
field is parallel to the epilayer plane. Via compressive strain the band splitting
between the heavy hole and the light hole (1h) sub-bands increases, therefore the
hh population is more easily inverted, resulting in greater TE gain. On the other
hand, tensile strain promotes the lh conduction band to the ground state, result-
ing in transverse magnetic (TM) gain polarization, where the magnetic field is
parallel to the epilayer plane. In surface-emitting devices, like the semiconductor
disk lasers here described, compressively-strained QWs are required as they offer

TE gain polarization and hence lower laser threshold.

1.2.2.4 Transition energy in quantum wells

The composition and the thickness of the QWs and the barrier layers are chosen
to set laser emission at the desired wavelength. The energy levels, and the corre-
sponding transition energies, inside a quantum well can be determined by solving

the time-independent Schrodinger equation:

~

Hip(r) = Ey(r) (1.10)

where H is the Hamiltonian operator, E the eigenvalue and ¢(r) the carrier
wavefunction. The one-dimensional time-independent Schrodinger equation for a
finite barrier (see Figure 1.6) can be written as follows:

n* 0
— + V(2)| ¥(z) = Ey(z) (1.11)

C2m* 022

where h = h/27 is the reduced Planck constant, m* the carrier effective mass
(my, in the quantum well, my, in the barrier), V' (z) the potential and E the carrier
energy. The potential energy is equal to zero inside the well and V| outside the

well:

Vo, if |z] >

V(z) = (1.12)

ol ol

0, iflz<
Similarly to the infinite potential well, the solution of the eigenequation (1.11)
consists of symmetric wavefunctions if n (energy level) is odd, and antisymmetric
wavefunctions if n is even. The even wave-function solution of the eigenequation
is oscillatory within the well and exponential outside:

C1 exp [—a (z — %)] , if |z] >

Cy cos(kz), if |2] <

U(z) = (1.13)

Nlie N gl
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L/2 0 L2

Figure 1.6: Schematic illustration of a potential well with width L and potential
Vo. Also shown are the first two energy levels of the quantum well [24].

where C; and Cy € C are normalization coefficients and:

v2m, b (1.14)

k:
h

v2my(Vo — B) (1.15)

h

The boundary condition states that the wavefunction and its first derivative di-

o =

vided by the effective mass have to be continuous at the well/barrier interface:

W 12) = 9(L7/2) -
LWL = (L) |

w

The solution of this system of equations is [24]:

a ="} tan (k§> (1.17)

My

Similarly, the solution of the time-independent Schrédinger equation for odd

wave-functions is:

CleXp[—a(z—é)], ifz>§
Y(z) = ¢ Cysin(kz), ifz<Z% (1.18)
—Crexpla(z—%)], ifz<—%

10
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From the boundary condition, see Equation (1.16), the eigenequation is given
by [24]:

a=—"kcot (k‘g) (1.19)

My
The quantized eigenenergies solutions of the time-independent Schrodinger equa-
tion can be calculated by finding (aL/2) and (kL/2) using a graphic approach
[24]. Combining equations (1.14) and (1.15), the following relations are obtained:

(-G

w L
aJ2e = ™ tan (k—) ,even n (1.21)

myp My 2

My my L
ay/— = —y/—kcot | k= | ,odd n (1.22)

my My 2

The above equations can be solved by plotting them on a “a\/m” Vs
“kL/2" plane. The energy levels of the quantum wells, and so the possible tran-
sition energies, can be calculated by finding the intersection between Equation
(1.20) and the other two equations. From this analysis, it is evident that the tran-

sition energy of a QW laser depends on its thickness, L, and the barrier height,
Vo.

1.2.2.5 Resonance effects

Due to the small thickness (~10 nm) of quantum wells, SDLs structures must
contains several QW layers (~10-20) for reasonably high gain. The position of
the QWs with respect to the optical field influences the gain and the threshold
of an SDL. The lasing threshold condition for an SDL is set by the following
equation [12]:

R Ry(1 — L) exp(2l'gi, Nyt) = 1 (1.23)

where R; and R, are the cavity mirror reflectivities, L is the cavity loss, g
the material gain at the laser threshold, N, the number of quantum wells, ¢
the thickness of the quantum wells and I" the “confinement factor”, which is a
measure of the overlap between the optical field and the gain layers. Rearranging
Equation (1.23), the threshold gain is:

In [(RiRy(1 — L))™]
OT' N, t

Gin = (1.24)

11
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It is evident that an increased confinement factor reduces the threshold gain.
The confinement factor is usually defined for three dimensions (I' = I',I',I",),
however in QWs the carrier confinement is one dimensional, therefore: I' = T,
and I'; =T'y, = 1. The longitudinal confinement factor, I',, can be calculated as
follows [33]:
Jugrive B2(2) 4z _ [, E*(2) dz
[, E*(2)dz [, E?(2) dz
where FE is the electric field, L the subcavity length and ¢ the QW thickness.

Assuming a cosine electric field, E, = Ejcos(kz), the longitudinal confinement

I, = (1.25)

factor for a periodic gain, I',, results to be [33]:

d
— j;cosz(kz) dz

T, = L (1.26)

32 Jyp cos?(kz) dz

where d is the sum of all QWs thickness and A is the wavelength of the optical

field. The integration of these equations gives the following result:

r,— % {1 + sinc {w (AL/Q)} } _ %rr (1.27)

where I', stands for “relative confinement factor”. In a uniform gain structure
the optical field overlaps the gain region, therefore t = A\/2 and T, = 1. On
the other hand, in a resonant periodic gain (RPG) arrangement, QWs are placed
at the antinodes of the |E|? field (see Figure 1.7). In such a structure d = Nt,

|E|2 Quantum wells

[

t 7\/2

Figure 1.7: Position of quantum wells in a resonant periodic gain (RPG) arrange-
ment.
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where N is the total number of half wavelengths in the cavity, i.e. N = L/()\/2).

Combining these two relations, the result is the following:

t

d
I~ (1.28)

So the relative confinement factor for an RPG structure is:

et e (2)] a9

where d/L is defined as the “fill factor”. Plotting I, vs. d/L, the relative con-
finement factor has a maximum of 2 for d/L=0 and a minimum of 1 for d/L=1.
In QWs structures d < L, thus the relative confinement factor is maximized for
a RPG configuration.

The length of the subcavity can be adjusted in such a way that an antinode
of the |E|? field is located at the semiconductor/air interface. This structure de-
sign, known as “resonant cavity”, offers gain enhancement at the designed laser
wavelength, and hence lower threshold. However, a resonant cavity is particularly
sensitive to temperature and wavelength change and provides limited wavelength
tunability. An alternative design consists in designing the optical field to have
a node at the semiconductor/air interface. Such a design, called “anti-resonant
cavity”, broadens the gain bandwidth, and hence the tuning range, and decreases
the scattering loss at the cost of lower gain at the designed laser wavelength. As a
result, an anti-resonant cavity provokes higher threshold than the correspondent
resonant design, but it is also less sensitive to temperature change. Garnache
et al. reported that the gain bandwidth in an SDL can be maximized using an
antiresonant structure with an epitaxially grown antireflection coating on the top
of the chip [34]. The difference in longitudinal confinement factor between a res-
onant and an anti-resonant design is reported in Figure 1.8, taken from an article

of Tropper and Hoogland [35].

1.2.2.6 Gain/resonance overlap

SDL gain structures are usually designed with the quantum well emission at a
shorter wavelength than the RPG wavelength, since they are both temperature
dependent, but at different rates. As reported in Section 1.2.2.2, the temperature
dependence of the QWs bandgap results in red-shift of the QWs emission with
increasing temperature [28]. Besides, the optical thicknesses (f,,: = n - t) of the

several layers in the SDL gain chip are also temperature dependent, and conse-
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Figure 1.8: DBR reflectivity curve (top) and longitudinal confinement factor
(bottom) in a) resonant and b) anti-resonant subcavity structures.

quently the resonance red-shifts with increasing temperature as well [36]. The
shift rate of the resonance is slower than the QW emission [35,36], thus the QW
emission is often designed with an offset, in order to reach the resonance posi-
tion at the working temperature. However, the QW emission efficiency decreases
with temperature due to increased non-radiative recombination and carrier leak-
age from the QWs. A schematic illustration of the temperature dependence
of the gain/resonance overlap is shown in Figure 1.9, taken from Hopkins et
al. [37]. Note that the subcavity resonance generates a dip in the DBR reflectiv-
ity stopband. The QWs emission spectrum can be experimentally obtained via
edge-photoluminescence (E-PL) measurement, whereas a surface-PL measure-
ment shows the effect of the subcavity resonance on the QWs emission [13]. The
gain/resonance overlap analysis has the merit to indicate the optimal internal op-
erating temperature. With temperature higher than the optimal one, the QWs
emission efficiency is further reduced, while the gain/resonance overlap decreases,
so the SDL efficiency drops. This effect, known as “thermal rollover”, limits the
performance of SDLs at elevated temperatures. From this argument it is evident
that the use of effective thermal management techniques such as the ones shown

< Emission efficiency Cavity enhanced PL drops rapidly as
Cavity resanance drops with temp mismatch increases
i H I

N

Figure 1.9: Temperature dependence of the overlap between the QW emission,
subcavity resonance and detected photoluminescence (PL) [37]. The subcavity
resonance manifests itself as a dip in the DBR reflectivity curve.

Observed PL Maximum plak position
b
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in Section 1.4, is essential to counteract the rise in temperature within the SDL

gain chip for high pump power densities.

1.2.2.7 Optical pumping

Population inversion in semiconductor disk lasers usually occurs via optical pump-
ing, although electrically-pumped SDLs (NECSELs) have also been reported [14].
This means that the use of a pump laser system, such as a high-power cw diode
laser, is required. Optical pumping offers several advantages over electrical pump-
ing. Firstly, uniform pumping of large active areas is easier to achieve. Secondly,
there is no need of doped regions, therefore the growth process is relatively simple
and free carrier absorption is limited [12]. It is interesting to notice that given
the short absorption length (typically 1 — 2 pm) in the gain region, the beam
quality of the SDL is weakly dependent on the beam quality of the pump laser.

In SDLs the pump photons can be absorbed either in the barrier layers or in
the QWs. The former approach is called “barrier pumping”, the latter “in-well
pumping”. Barrier pumping is the most common arrangement as the absorption
rate in the barrier layers is spectrally broad and more efficient (>80%) than in-
well pumping. Absorption of a photon in the barrier layers promotes an electron
to the conduction band, which then diffuse towards a QW. This also applies to
the holes in the valence band. Once the population of the charge carriers in the
QWs is high enough to generate as much stimulated emission as absorption, the
QWs become transparent to the laser wavelength. Optical gain arises when the
stimulated emission rate exceeds the absorption rate, leading to higher popula-
tion inversion density. When the optical gain for QWs compensates the cavity
losses, laser threshold is achieved. An illustration of SDL operation with barrier
pumping is shown in Figure 1.10. To prevent carrier leakage from the QWs the
energy difference between the valence and conduction band for the QWs and the
barrier must be at least 4-5 kgT (Chapter 1 of ref. [20]). At room temperature
kgT ~25 meV, so the wavelength difference between the pump and the SDL
emission has to be >130 nm for laser operation at ~1 pm.

For in well-pumping the pump photons are absorbed by the QWs, so that the
charge carriers are directly generated in the QWs. This approach allows the use
of pump lasers which offer reduced quantum defect (n, = A,/\;). However, the
single-pass absorption is only 1% per QW, therefore some additional features for
pump absorption enhancement must be implemented. For example, the DBR can
be designed to be highly reflective at both laser and pump wavelengths. Besides,
the subcavity can be designed to be resonant to both the pump and the SDL
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Figure 1.10: SDL layer structure and functioning using pump absorbing layers
[12].

wavelengths (“doubly resonant cavity”), as in ref. [38]. In such structures the
QWs are positioned where the antinodes of the pump and the laser fields are

nearly matched.

1.2.2.8 Growth techniques

Modern techniques for the fabrication of monolithic semiconductor devices are es-
sentially based on three approaches: liquid phase epitaxy (LPE), molecular beam
epitaxy (MBE) and metal-organic chemical vapour deposition (MOCVD) [39].

In liquid phase epitaxy the semiconductor layers are grown onto the substrate
from the melt. The semiconductor is dissolved in a saturated solution and then
placed in contact with the substrate. By cooling the solution below the equi-
librium temperature for dissolution, the saturated solution precipitates and the
dissolved semiconductor is grown onto the substrate. LPE allows deposition of
uniform and high quality semiconductor layers, but is not the best option for the
growth of thin, high-quality quantum wells.

Molecular beam epitaxy is a widely employed technique for the epitaxial
growth of semiconductor materials via the interaction of an atomic or molec-
ular beam with the substrate. This process takes place in a high vacuum (107%
Pa) chamber in order to maximize the mean free path for the molecular beam.

The term “beam” indicates that the atoms or molecules deposited on the sub-
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strate do not interact with each other, thanks to the long free mean path. The
semiconductor materials are contained in ultra-pure form and then heated in sep-
arated Knudsen effusion cells. The elevated heat generates sublimation, so the
semiconductor atoms/molecules move to the substrate and sublimate on it. The
growth quality can be analysed during MBE deposition via reflection high energy
electron diffraction (RHEED), which is a technique utilized for the characteriza-
tion of crystalline surfaces. A schematic illustration of a MBE reactor chamber
is shown in Figure 1.11. MBE finds application in the production of high quality
quantum wells and quantum dots, and has been often utilized for the growth of
monolithic chips for semiconductor disk lasers.

In metal-organic chemical vapour deposition, also known as metal-organic
vapour phase epitaxy (MOVPE), the deposition of material onto the substrate
occurs from chemical reactions between organic or metal-organic gases contain-
ing the required semiconductor elements. In contrast to MBE, this process takes
place in a chamber at relatively high pressure (0.01-1 atm). The chamber has to
be made of a material which does not react chemically with the gases involved
in the growth process. The metal-organic chemicals are maintained in the lig-
uid phase in the gas handling section of the reactor. With the help of carrier
gases, such as Hy or Ny, some metal-organic molecules are carried to the growth
chamber. The metal-organic vapour flow reaches the substrate surface, which is

heated up to some hundreds °C, in order to induce breakdown of the metal-organic

Chamber

Figure 1.11: Schematic diagram of a molecular beam epitaxy reactor, taken from
[40].
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vapour into its components. The reaction between the substrate surface and the
gas mixture leads to the deposition of semiconductor materials. The exhaust gas
is highly toxic and has to be removed from the chamber carefully. A schematic
illustration of a MOCVD reactor is shown in Figure 1.12.

Run/Vent

sessenibly Reaction Chamber

|. — s s Baratron
Alkyl |
Source |

|

L, Throttle
Valve

Hydride

|

Vacuum Pump

Pressure Control

Figure 1.12: Schematic diagram of a MOCVD reactor [41].

1.3 Kuznetsov’s model

Kuznetsov’s numerical model [12] is a valuable tool for the evaluation of gain,
threshold and efficiency of semiconductor disk lasers. This model uses a phe-
nomenological logarithmic dependence of the quantum well gain (g), with respect
to the carrier density (N) [12]:

= goln (%) (1.30)

where g is the material gain coefficient and N, the transparency carrier density,
i.e. the carrier density from which the optical gain becomes greater than zero [6].

The dependence of the carrier density (/) on the pump power (F,) is given by:

nabst
= ——F—7(N 1.31
roNid, V) (1.31)

where 7,5 is the pump absorption efficiency, hv the photon energy, N, the number
of QWs, t the QWs thickness, A, the pump spot area and 7(N) the carrier
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lifetime, which can be calculated as follows:
7(N) = (A+ BN + CN*)™! (1.32)

where A, B and C stand for monomolecular, bimolecular and Auger recombina-
tion coefficients, respectively. Monomolecular recombination describes the non-
radiative recombination of a single free-carrier at a time, for example an electron
or a hole captured by a carrier trap [42]. In bimolecular recombination, an elec-
tron and a hole interacts simultaneously, leading to radiative recombination [42].
In Auger recombination, an electron and a hole recombine and give their energy
to a third carrier [42]. The threshold condition for an SDL has been already
shown in Section 1.2.2.5. By combining equations (1.24), (1.30), (1.31), the fol-
lowing expressions for the threshold carrier density (/Vy,) and the threshold pump
power (Py,) are obtained [12]:

1
1 20 g Nyt
N.. = N, - thiVw 1.33
th O(Rle(l—L)) ( )
hv N, tA
Py, = Ny,————2 1.34

For a given pump power higher than the threshold pump power, the output power
(Pyyt) is given by:
Pout = (Pp — Pth)’r] (135)

where 7 is the slope efficiency, which is defined as:
N = NabsNgNout )i (136)

where 7, is the quantum defect (Apump/Naser) and 1o, the output efficiency:

B In(Rs)
Teut = n[R, Ro(1 — L)]

(1.37)

where the mirror with reflectivity Ry is the output coupler of the SDL resonator.
The factor n; stands for “internal efficiency”, or “radiative efficiency”, and is de-

fined as the ratio of radiative transition to all possible recombination transitions:

B BNy,
- A+ BNy, +CNZ,

ni (1.38)
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where A, B, C are the monomolecular, bimolecular and Auger recombination
coefficients, respectively.

In Kuznetsov’s article the pump power threshold and the output power are
calculated for different values of pump power, quantum wells number and output
coupling. From this calculation it can be shown that the best output coupling
for an InGaAs SDL is a few percent and the number of quantum wells in the gain
structure should range from 12 to 20. Experimental works have confirmed these
theoretical predictions, although Kuznetsov’s model does not take into account

of thermal effects, which cause thermal rollover.

1.4 Thermal management

As shown in Section 1.2.2.6, both the QWs emission and the subcavity resonance
undergo a thermal shift, therefore their overlap can only be maximized at a
certain temperature. The pump absorption length in SDLs is of the order of
1-2 pm, which is much shorter than most solid-state lasers (~1 mm). On the
other hand, the pump spot radius ranges from tens to hundreds pm, which is
similar to the typical values utilized for solid-state lasers. As a result, the heat
density in SDLs is usually three orders of magnitude higher than in solid-state
lasers (Chapter 1 of ref. [20]). When no thermal management is utilized, thermal
rollover in SDLs may occur at very low pump power as the elevated heat density
boosts the rate of wavelength shift [43]. Therefore the use of effective thermal
management techniques in SDLs is essential for efficient laser operation.

An illustration of the most common thermal management techniques for SDLs
is shown in Figure 1.13. The basic approach is to solder the as-grown SDL gain
chip to a heatsink cooled by water or a Peltier device. With this method, the heat
deposited in the SDL is removed from the substrate passing through the DBR, but
in practice the DBR and the substrate act as a sizeable thermal resistance to the
heat flow, resulting in inefficient heat extraction and fast thermal rollover [44,45].

The most widely employed thermal management techniques are the “thin
device” and the “heatspreader”. The thin device approach consists in removing
the substrate and soldering the thinned SDL gain chip to a heatsink. Thus heat
is extracted through the DBR. Given the low thickness of the structure compared
to the pumped area, the heat flow is largely one-dimensional [44]. This approach
is similar to the one utilized in thin disk solid-state lasers for laser emission at
several hundred Watts [46]. Given the one-dimensional heat flow, one may think

that the output power can be doubled with twice the pump power by using
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Figure 1.13: Schematic diagram of thermal management methods for SDLs: a)
as-grown, b) thin device, ¢) heatspreader [44].

twice the mode area without increasing the temperature of the gain chip. In
reality, this scalability breaks down for large pump spot sizes as the heat flow
in the heatsink becomes three-dimensional, resulting in higher thermal resistance
and less efficient heat extraction [47]. However, the thin device is actually an
effective approach when the DBR components have good thermal conductivities.
In practice, only SDLs structures with GaAs/AlAs mirrors emitting at 0.9-1.3
pm are well-suited for thermal management via a thin device.

An alternative technique is to bond an intracavity heatspreader disk on the
top of the SDL chip. In this way, heat in the gain region is removed both by
the heatspreader and through the SDL structure. The heat flow results to be
three-dimensional, therefore, as for the thin device approach, no indefinite power
scaling is achievable. Bonding of the heatspreader is usually accomplished via
liquid capillarity bonding [48], or, alternatively, via diamond-pressure-bonding
[49]. For efficient heat-spreader and minimal temperature rise in the gain region,
the thermal conductivity of the heatspreder must be as high as possible [50].
Common crystalline heatspreaders utilized for thermal management of SDLs are
Sapphire (kg ~ 46 Wm™K™1) [51], SiC (kg ~ 490 Wm K1) [52], and diamond
(kg ~ 2000 Wm K1) [53]. Since the heatspreader is bonded to the intracavity
surface of the gain structure, the heatspreader should also offer high transmission,
low absorption and low birefringence at both the pump and the laser wavelengths.

Detailed theoretical studies about thermal management techniques for SDLs

are reported in ref. [44,50]. Figure 1.14 shows the most significant results obtained
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Figure 1.14: Numerical calculation of temperature rise in the SDL gain region
using different thermal management techniques [44]. Left: maximum tempera-
ture rise in the SDL gain region for 1 W deposited heat using different thermal
management techniques and the materials required for different emission wave-
lengths. Right: ratio of the averaged temperature rise in the gain region of a
thin device to the averaged temperature rise in the gain region of a device with
a diamond heatspreader.

via finite-element analysis (FEA). For the heatspreader approach, calculations
were performed using diamond, as it offers the greatest thermal conductivity.
From Figure 1.14 it is evident that the temperature rise for an as-grown SDL
chip is significantly higher than the temperature rise for a gain chip without
the substrate or with an intracavity heatspreader. The thin substrate and the
heatspreader approaches offer similar performances in the spectral range from 0.9-
1.3 um. The temperature rise with the heatspreader method is weakly dependent
on the thermal conductivity of the DBR. At ~1 pum the heat extraction with
diamond heatspreader results to be more effective than the thin device for pump
radius <400 pm.

In conclusion, the diamond heatspreader approach provides effective thermal
management over the entire spectral coverage of SDLs. Instead, the use of a thin

device is only preferable in SDL chips containing AlAs/GaAs mirrors (0.9-1.3
pm).

1.5 Cavity design

One of the key advantages of SDLs is the excellent flexibility in cavity design.
The simplest SDL design consists of a 2-mirror linear cavity containing a gain-
and-mirror SDL chip and a curved mirror as the output coupler. As explained in
previous sections, the output coupler of an SDL has typically a transmission of a

few percent. In a stable two-mirror plane-curved cavity of length L., the funda-
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mental TEMy, mode diameter (w) at the SDL gain structure can be calculated

as follows [12]:
o 4/\lase'rLc Rc - Lc
N T L.

where R, is the radius of curvature of the output coupler. With this arrangement,

w (1.39)

the cavity mode diameter at the SDL gain chip can be as small as 100-200 pm
for cavity lengths below 25 mm [12]. A more flexible solution is the 3-mirror cav-
ity arrangement which consists of a gain-and-mirror SDL chip, a folding curved
mirror and a flat mirror as the output coupler [13].

With the insertion of additional optical elements, SDL resonators may actu-
ally be quite complex, as shown in Figure 1.15. For efficient nonlinear conversion
and narrow emission linewidth, SDL cavities can include wavelength-selective el-
ements, such as an etalon or a birefringent filter. For high-power operation, the
SDL resonator may include two or more gain chips in series [17]. For pulsed op-
eration a semiconductor saturable absorbed mirror (SESAM) is usually utilized.
As reported in Chapter 6 of ref. [20], passively mode-locked SDLs are able to
operate at ~0.01-1 W average output power, with 1-50 GHz repetition rate and
pulse width of a few hundreds femtoseconds. Very recently Schiller et al. reported
a passively modelocked SDL emitting 682 fs pulses at a repetition rate of 1.7 GHz
with an average output power of 5.1 W at 1030 nm [54]. Other possible cavity
designs are the microchip SDL [55,56], SDLs array [20,56] and solid-state laser
pumping [57]. Note that SDL resonators are usually designed to provide mode-
matching between the pump and the cavity mode sizes at the SDL gain structure.
A mode-matched SDL resonator is expected to provide a good balance between

highly efficient laser operation and good beam quality [44].

1.6 Power scaling

Similarly to solid-state thin disk lasers, power scaling of SDLs can be accom-
plished by increasing the input power and the pumped spot area. However, as
already explained in Section 1.4, for large pump areas the heat flow in the SDL be-
comes three-dimensional, therefore the temperature rise increases with the pump
power [47]. Consequently, in contrast to idealized thin disk lasers, power scaling
of SDLs is not indefinite. As shown in ref. [44], the output power of an SDL is
maximized when the cavity mode size at the gain structure is smaller than the
pump mode size at the cost of multimode operation.

An alternative way to increase the output power is to design a resonator with
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Figure 1.15: Ilustration of common SDL laser cavities from Chapter 1 of [20].
(a) Two-mirror linear cavity. (b) Three-mirror V-shaped cavity for frequency
doubling and narrow linewidth emission. (¢) Three-mirror V-shaped cavity with
saturable absorber mirror for mode-locking. (d) Four-mirror Z-shaped cavity for
nonlinear conversion. (e) SDL cavity with two gain chips for power scaling. (f)
SDL cavity with three gain chips and nonlinear crystal.

multiple SDL gain chips. In this case, the pump power is divided between two or
more gain structures, resulting in improved power scaling and thermal manage-
ment. For comparison, using a single-gain chip Rudin et al. reported an InGaAs
SDL emitting more than 20 W with M? ~ 1.1 [18], whereas with three gain chips
Chilla et al. demonstrated a frequency-doubled SDL emitting 55 W at 532 nm
with M? ~ 1.3 [17]. Without nonlinear conversion, the output power at 1064 nm
may actually exceed 100 W using the optimum output coupling. Very recently,
Heinen et al. reported a single gain chip InGaAs SDL emitting up to 106 W at
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1028 nm in multimode operation (no beam quality measurement reported) [19].

To date, the highest output powers in SDLs have been demonstrated using
InGaAs QWs for laser emission at around 1 gm. This is largely due to the high
internal efficiency of such material and the reasonable quantum defect (~80%).
Also antimonide QWs provide high internal efficiency [58], but the output power
is limited by the large quantum defect when pumping occurs via laser diodes at
808 or 980 nm. Alternatively, Sb-based SDLs can be in-well-pumped by laser
systems, such as thulium doped fibre lasers, which provide significantly reduced

quantum defect, resulting in lower temperature rise in the gain region [59].

1.7 Tuning

The gain bandwidth in SDLs is wide, therefore in free-running operation the
spectral emission of SDLs results to be significantly broad, e.g. ~5 nm FWHM
at 1060 nm in ref. [53]. However, the use of a wavelength-selective element,
such as birefringent filter (BRF) [60], Lyot filter [60,61], dispersive prism [62],
or diffraction grating [63], enables narrow linewidth emission and wavelength
tunability. The most common way for wavelength selection and tuning of an SDL
is the insertion of an intracavity BRF, as reported in ref. [52,64]. As explained in
Section 1.2.2.5, the tuning range of an SDL is usually broader for an antiresonant
design. Depending on the QW material utilized, the tuning range of SDLs ranges
from ~200 cm™! (GaInP QWs, [65]) to 460 cm™! (GaAs QWs, [52]).

The BRF is inserted at the Brewster’s angle in order to minimize the reflection
losses for p-polarization. The ordinary and extraordinary components of a laser
beam with wavelength A passing through a birefringent plate experience a phase

retardation () which is given by:

_27T-An-t

° )

(1.40)

where An = |n, — n,| is the material birefringence and ¢ the plate thickness. If
the phase retardation is an integer number of 27, the laser beam polarization
beyond the BRF remains unchanged and does not experience loss. Tuning of the
wavelength transmission peak can be achieved via rotation of the plate around
the normal to its surface. Assuming that An remains constant within the spectral

range of interest, the free spectral range (Avgpgg) of a BRF, i.e. the frequency
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separation between two maxima, is given by [6]:

c
An -t

AVFSR = (141)

where ¢ is the speed of light in vacuum. Therefore the thinner the BRF, the
broader the free spectral range, and hence the available tuning range. On the
other hand, the thinner the BRF, the broader the transmission linewidth (dv),
which can be calculated as follows [66]:

_ Avpgr

ov = 7 (1.42)

where F is the so-called “finesse” and is related to the reflectivity (R) of the BRF

as follows [66]:
AR -1/2
2 arcsin (2 + (:[——R)Q)

-1

F=mrx (1.43)

Clearly 0v ~ Avpgr ~ 1/t. For most applications the BRF thickness is chosen to
ensure a good balance between broad free spectral range and narrow transmission
linewidth.

An interesting alternative to a single BRF plate is the Lyot filter, which
consists of two or more BRF plates with different thicknesses. The conventional
design of a Lyot filter consists of a set of sheet polarisers with BRFs inserted
between them, with each plate having twice the thickness of the preceding one.
However, different thickness ratios have also been proposed [60,61]. The key
features of a Lyot filter are the broad free spectral range, which is set by the
thickness of the thinnest plate, and the narrow transmission linewidth, which is
set by the thickness of the thickest place [61]. The only drawback of a Lyot filter
compared with a single-plate BRF is the reduced transmission peak due to the
increased number of optical elements.

In conclusion, wavelength selection and tuning of semiconductor disk lasers
can be accomplished via the intracavity insertion of a birefringent plate. BRF's are
widely employed means for tunable lasers as they can offer narrow transmission
linewidth and fairly wide free spectral range (FSR). Moreover, Brewster surfaces
provide sufficient polarization control in low gain lasers [6], such as SDLs, and

BRFs do not require coatings.
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1.8 Spectral coverage

Compound semiconductors have different bandgap energies for different material
compositions. As shown in the previous sections, the transition energy of the
gain region is set by the QW thickness, the strain level in the structure and the
temperature. Therefore the emission wavelength of a semiconductor disk laser
can be controlled with careful design of the structure. However, the designed
gain structure must allow not only the desired emission wavelength but also the
growth of a very highly reflective DBR mirror. The ideal DBR should provide
high reflectivity (R>99.9%) at the laser wavelength, in some cases at the pump
wavelength as well, good thermal conductivity for effective thermal management
and lattice-matching with the barrier layer in the gain region. Alas, not all ma-
terial systems yield all such features.

A list of common combinations of gain material and DBR with relative wave-
length emission is shown in Table 1.1. Typical direct emission of SDLs ranges
from red (0.64 pm [13]) to mid-infrared [67]. Shorter wavelengths, from ultravio-
let (244 nm [68]) to red-orange (617 nm [69]), are usually achieved via harmonic
generation from the fundamental emission. It is interesting to notice that in 2006
Park and Jeong reported an InGaN-based microchip-SDL emitting pulsed violet
light (0.4 pm) [70]. However, direct emission at such short wavelengths is usually
a challenging task due to the difficulty in finding a suitable pump source.

The efficiency and the output power of an SDL depends on several factors:

Gain material DBR composition Wavelength  Max. Eff.
GalnP QW AlAs/AlGaAs 0.64-0.69 pm >10%
InP QD AlAs/AlGaAs 0.71-0.75 pm 3%
InAlGaAs QW AlAs/AlGaAs 0.85 pm 30%

GaAs QW AlAs/AlGaAs 0.85-0.87 um  >50%*
InGaAs QW AlAs/(Al)GaAs 0.92-1.18 ym  >50%
InAs QD AlAs/GaAs 0.9-1.3 pm 30%
GalnNAs QW AlAs/GaAs 1.18-1.3 pum 18%
GaAsSb QW AlAs/GaAs 1.2 pym <5%
AlGalnAs QW AlAs/GaAs (wafer-fused) 1.2-1.55 pm 20%
InGaAsP QW InGaAsP/InP 1.5 pum 14%
GalnSb QW AlAsSb/GaSh 2-2.05 pm 23%
GalnAsSb QW AlAsSb/GaSh 2.1-3.4 pm 25%
PbTe (or PbSe) QW PbEuTe/BakF, 3.3-5.5 pm ~2%

Table 1.1: SDL spectral emission and maximum optical conversion efficiency for
different combinations of materials.* in-well pumping.
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internal efficiency of the gain material, quantum defect, gain structure design,
carrier confinement, thermal management technique utilized and defect density.
Clearly, the performance of SDLs cannot be the same for different combinations
of materials. Figure 1.16 shows the demonstrated output power of SDLs using
different gain materials, and the corresponding wavelength emission. Note that

Figure 1.16 only reports continuous-wave lasers.
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Figure 1.16: Demonstrated output power and direct wavelength emission of SDLs
from 0.6-3.0 pm in cw operation. Results are discussed in the main text.

1.8.1 Red SDLs (640-750 nm)

Red emission has been achieved using InGaP QWs embedded in AlGalnP bar-
rier layers. This laser is usually pumped by a frequency-doubled Nd:YVO,
laser operating at 532 nm, but also GaN diode-pumping has been reported [71].
Compressively-strained InGaP QWs offer TE-polarized gain from 640-700 nm.
InGaP-based SDLs can emit more than 1 W with optical conversion efficiency
exceeding 10% [72,73] and tuning over 21 nm [73]. 120 mW at 338 nm (UV)
has been observed via frequency doubling of the InGaP SDL [72]. For red laser
emission at A > 700 nm, the gain structure has to include InP QDs embedded
between an AlGalnP barrier layer and an InGaP QW [16].

1.8.2 Near-infrared SDLs (800-900 nm)

Near-infrared emission at ~850 nm has been achieved using GaAs QWs and
InAlGaAs QWs. In 2003, Hastie et al. reported a GaAs/AlGaAs SDL, pumped
by two 660 nm diode lasers, emitting >500 mW at 850 nm with slope efficiency
of 32% and optical conversion efficiency of ~20% [52]. Later, 0.9 W at 850 nm
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with 34% slope efficiency and 28% optical conversion efficiency was achieved [74].
In 2007, Beyertt et al. proposed an in-well-pumped GaAs SDL with record slope
efficiency of 67% and optical diode-to-SDL efficiency of 55% [38]. An alternative
to GaAs QWSs was proposed by McGinily et al. in 2007 [75]: with InAlGaAs QWs
embedded in AlGaAs barrier layers and InAlGaAsP strain-compensating layers,
the SDL emitted 0.73 W at 850 nm, with slope efficiency of 37.5% and long-term

performance stability.

1.8.3 Infrared SDLs (900-1600 nm)

The most mature SDL technology is based on InGaAs QWs and AlAs/(Al)GaAs
DBRs for laser emission from 920-1180 nm. InGaAs QWs offer reasonably high
internal efficiency at ~1 pm, thus InGaAs-based SDLs can emit several tens of
Watts with good beam quality and high efficiency in this spectral region. In
2004, Chilla et al. of Coherent Inc. reported an InGaAs SDL emitting 19 W at
920 nm with optical conversion efficiency of ~27 % and M? ~ 3 [76]. By fre-
quency doubling the SDL emission, 7 W at 460 nm (blue) with diode-to-visible
efficiency of ~13.5% was demonstrated [17]. The same research group demon-
strated a frequency-doubled InGaAs SDL emitting 15 W at 488 nm (blue) with
27% diode-to-visible conversion efficiency [17,76]. In 2008, Rudin et al. reported
an InGaAs SDL emitting 20.1 W at 960 nm with optical conversion efficiency
of 43%, slope efficiency of 49% and M? ~ 1.1 [18]. Using a doubly resonant
subcavity design, Demaria et al. demonstrated an InGaAs SDL emitting 13.2 W
at 970 nm with record slope efficiency of 61% (the highest ever reported for any
barrier-pumped SDL) and optical conversion efficiency of 54% [77]. Colin Seaton,
from Coherent Inc., demonstrated a two-chip device with maximum output power
of 73 W at 980 nm and 46% slope efficiency (personal communication reported
in [20]).

At wavelengths longer than 1 pm, Wang et al. demonstrated a 1040 nm In-
GaAs SDL emitting up to 40.7 W in multimode operation with optical conversion
efficiency of 33% [29]. Recently, Heinen et al. presented a single gain chip InGaAs
SDL with maximum output power of 106 W at 1028 nm, 62% slope efficiency and
45% optical conversion efficiency [19]. This is the highest output power ever re-
ported for a semiconductor disk laser. Chilla et al. reported a frequency-doubled
three-chip InGaAs SDL emitting 64 W with M? ~ 4, and 55 W with M? ~ 1.3,
both at 532 nm [17]. The output power for 1064 nm emission was not reported,
however it is likely that using the optimum output coupling this may exceed 100

W. InGaAs SDLs emitting at 0.9-1 pum have also been utilized for laser emission in
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the UV via fourth harmonic generation (0.2 W at 244 nm [68]) and mid-infrared
via optical parametric oscillation (0.2 W at 3.05 um [78], 2 W at 3.5 um [79]).

Highly-strained InGaAs SDLs can efficiently operate in the range 1100-1200
nm, but the growth of stable, highly-strained structures is somewhat challenging.
Moreover, to minimize thermal impedance, the multilayer mirror should contain
less than ~20 AlAs/AlGaAs pairs, resulting in a sub-optimal 99.5% reflectance at
the laser wavelength, and consequently increasing the lasing threshold [80]. How-
ever, using highly-strained InGaAs QWs multiwatt emission can still be achieved:
3 W at 1120 nm [81], 7 W at 1170 nm with M? ~ 1.4 and ~23% optical con-
version efficiency [80], and 8.6 W at 1175 nm with M? < 1.5 and ~25% optical
conversion efficiency [82]. Frequency doubling of highly-strained InGaAs-based
SDLs leads to laser operation in the visible, from lime-green (9 W at 570 nm [17])
to yellow-orange (5 W at 587 nm [82], 4.1 W at 589 nm with ~10 MHz emission
linewidth [83]).

SDL emission from 1.1-1.3 pum is achievable via the addition of small amount
of nitrogen in the InGaAs lattice. GalnNAs QWs are characterized by strong
carrier confinement which allows laser operation even at high temperature. The
drawback of this approach is that the addition of nitrogen in the InGaAs lattice
leads to the generation of nonradiative recombination centres resulting in reduced
efficiency and longevity of the device. This effect becomes far more evident at
longer wavelengths, when an increased amount of nitrogen is required. GalnNAs
QW SDLs can emit 11 W at 1180 nm with 18% optical conversion efficiency and
6.2 W at 590 nm with 15.5% optical conversion efficiency via second harmonic
generation [84]. Leinonen et al. reported 9 W at 1195 nm and 7.4 W at 597 nm
(orange) via SHG with 17% maximum diode-to-visible conversion efficiency [85].
At longer wavelengths, maximum output power of 5 W at 1220 nm [86] and 2.7
W at 610 nm (orange) via SHG [87] has been achieved. In earlier works, 1.46
W at 1240 nm in the TEMyy mode [88] and 0.6 W at 1320 nm have also been
reported [89].

An interesting alternative to InGaAs QW is InAs quantum dot (QD). QDs-
based devices are characterized by broad and flat gain spectrum, better tempera-
ture stability than QWs and low lasing threshold. On the other hand, the growth
process is quite complicated and the laser efficiency is reduced by the short gain
length. The active region usually consists of several DWELL (dot-in-a-well) lay-
ers, with QDs embedded in QW layers. The spectral coverage of InAs QD SDLs
ranges from 0.9-1.26 pm [15,90]. In 2010 Rautiainen et al. reported a two-chip
InAs QD SDL emitting 6 W at 1180 nm, with >10% optical conversion efficiency
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and M? < 1.2 [91]. 2.5 W at 590 nm (orange), with diode-to-visible conversion
efficiency of 5%, was achieved via frequency doubling. More recently, Butkus et
al. presented InAs QD-based devices emitting at 1040 nm (6 W with 30% optical
conversion efficiency), 1180 nm (like [91]) and 1260 nm (1.6 W with 8% optical
conversion efficiency) [90]. In another work, Albrecht et al. reported an InAs QD
SDL with maximum output power of 3.25 W at 1250 nm and correspondent 8%
optical conversion efficiency [92].

In an early work a GaAsSb-QWs-based SDL was tested. This laser emitted up
to 93 mW 1220 nm and 30 mW at 610 nm via SHG [93]. The carrier confinement
in GaAsSh/GaAs QWs is rather weak, therefore the laser efficiency was found to
be strongly affected by thermal effects.

SDL operation from 1.3-1.55 pum requires the use of AlGalnAs/InP gain mate-
rials and AlGaAs/GaAs DBR. However, such a structure cannot be grown mono-
lithically, therefore the gain region and the DBR are grown separately and then
bonded via “wafer fusion” [94,95]. This technique allows the integration of non-
lattice-matched materials which are otherwise impossible to grow monolithically.
AlGalnAs QWs provide laser gain from 1.2 pm [96] to 1.57 pm [97]. In 2010,
Rantamaéki et al. demonstrated a wafer-fused AlGalnAs-based SDL emitting 6.6
W at 1300 nm and ~3 W at 650 nm via SHG, with 19% and <10%, respectively,
optical conversion efficiency [98]. Multiwatt operation has also been reported at
1480 nm [99] and 1560 nm [97]. 1 W at 785 nm with M? < 1.45 has been achieved
via frequency-doubling of a wafer-fused SDL with maximum output power of 4.6
W at 1570 nm [97]. An alternative to AlGalnAs/InP gain materials is InGaAsP
QWs with InGaAsP/InP DBR [100, 101], but the performance achieved by such
a material is poorer than wafer-fused structures (e.g. 0.78 W at 1550 nm with

14% optical conversion efficiency for a heatsink temperature of -33 °C [100]).

1.8.4 Long wavelength SDLs (>2000 nm)

For laser emission at wavelengths longer than 2 pum, antimonide-based SDLs
are employed. Sh-based devices are characterized by good internal efficiency
but suffer high quantum defect as they are usually pumped by 0.8-1 pm diode
lasers. GalnSb QW SDLs can emit several Watts at around 2 pym [58,102]. In
2009 Burns et al. presented a 2-pum SDL emitting 5.8 W with M? ~ 2, optical
conversion efficiency of 23%, and tuning range >100 nm [58]. To reach longer
wavelengths GalnAsSb QWs have been utilized. With a barrier-pumped gain
structure, Rosener et al. demonstrated a 2.25-um SDL emitting 3.4 W with 16%
optical conversion efficiency and M? ~ 5 [103]. Barrier-pumped GalnAsSh-based
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devices have also been utilized for laser operation at 2.5 pm [104], 2.7 pm [105]
and 2.8 pm [106]. It is interesting to notice that antimonide-based diode lasers
can operate at wavelengths up to 3.4 pum [107]. To reduce the quantum defect
the antimonide gain structure may be designed for in-well-pumping. In 2007
Schulz et al. reported an in-well-pumped GalnAsSb-based SDL emitting 3.2 W
at 2.35 pm with ~25% optical conversion efficiency [59]. More recently, Wagner
et al. presented an in-well-pumped SDL with 32% slope efficiency, which is the
highest ever reported for SDLs emission above 1.3 pm [108].

Finally, SDL operation in the mid-infrared, from 3.3-5.6 um, has been demon-
strated using a single PbSe or PbTe gain layer [67,109] or PbSe multi-quantum-
well structure [110,111]. In cw operation 18 mW at 5 um for -168 °C was achieved
using a PbTe active layer and a PbTeEu/BaF, multilayer mirror [67].

1.9 Thesis outline

In this chapter, a review of the physics and the performance of semiconductor
disk lasers was reported. An SDL is a gain-and-mirror chip which is optically-
pumped within an external resonator. SDLs can efficiently emit several Watts
in continuous-wave operation with good beam quality. With the insertion of
a wavelength-selective element, such as a birefringent filter, SDLs offer narrow
linewidth and wavelength-tunable emission. The key advantage of semiconductor
disk lasers over solid-state lasers is that the wavelength emission can be adjusted
via careful bandgap engineering. To date, direct emission of semiconductor disk
lasers have been demonstrated from red (640 nm [13]) to mid-IR (5 pm [67]),
whereas visible and ultraviolet emission have been achieved via harmonic genera-
tion. However, within this broad spectral range, there are still wavelengths which
are difficult to achieve. Among all the materials shown in the previous section,
InGaAs QW represents the most mature SDL technology as it provides the high-
est efficiency and its growth process is relatively simple. Such a laser operates
in the infrared (0.9-1.1 pum) and in the visible, blue-green-yellow, via frequency
doubling. As a matter of fact, several InGaAs-based SDLs are now available in
the market for applications in medicine, life sciences and forensics [112]. The aim
of this work is to show that the spectral coverage of InGaAs SDLs can be further
extended via stimulated Raman scattering and cascaded nonlinear conversion. In
this way, additional commercial and scientific applications may become available.

Nonlinear optics is a relatively new field in physics. The first observation of

a nonlinear optical phenomena occurred in 1961 when Franken and co-workers
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detected frequency-doubled light from a pulsed ruby laser propagating through a
quartz crystal [113]. Subsequently, with the coming of new high-power lasers and
high-quality nonlinear crystals, other nonlinear effects, such as frequency-mixing,
parametric interaction and stimulated Raman scattering were discovered and be-
came exploitable. Nowadays, several commercial laser systems include nonlinear
conversion. For instance, frequency doubling is widely employed for upconversion
of infrared lasers to the visible region, e.g. the Coherent Verdi™ [114], whereas
Raman lasers find use in pumping of erbium-doped fibre amplifiers and telecom
applications [115].

In conclusion, in this chapter a discussion about the theory, cavity design
and power scaling of SDLs was presented. In Chapter 2 nonlinear optical ef-
fects and Raman lasers are discussed. Chapter 3 describes a KGW Raman laser
intracavity-pumped within an InGaAs-based VECSEL cavity. This is the first
demonstration of Raman conversion in a semiconductor disk laser ever reported.
Chapter 4 shows multiwatt emission from an SDL-pumped diamond Raman laser
emitting at 1.2 yum. In Chapter 5, frequency-doubling of the diamond Raman
laser shown in the previous chapter is discussed. Chapter 6 presents a diamond
Raman laser intracavity-pumped by a red GalnP QWs SDL for Raman emission
at ~730 nm. Finally, conclusions will be presented, with emphasis on the future

directions and potential applications of this research.
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Chapter 2

Nonlinear optics and Raman lasers

Raman scattering, also known as the Raman effect, is a nonlinear optical effect
where a photon is absorbed by an atom or a molecule and then emitted at dif-
ferent energy. However, for an interaction with several photons the greatest part
of the emitted photons are elastically scattered (Rayleigh scattering) and only
a small fraction (typically 1 photon per million) is inelastically scattered. This
effect was first predicted by Smekal in 1923 [1] and then experimentally observed
by Sir Raman and Krishnan in liquids [2] and by Landsberg and Mandelstam in
solids [3]. The Raman effect leads to two possible outcomes: Stokes shift, where
the emitted photon has lower energy than the absorbed photon, and anti-Stokes
shift, where the emitted photon has higher energy than the absorbed photon. The
energy shift is set by the energy difference between the initial and the final state.
At thermodynamic equilibrium the ground state is typically more populated than
the excited ones, therefore anti-Stokes scattering is more difficult to observe. Be-
ing an inelastic process, Raman scattering in crystalline media is associated with
vibrations of the lattice called “optical phonons” which lead to a temperature
rise. By increasing the intensity of incident light, the number of Raman photons,
i.e. the emitted photons with different energy with respect to the pump, grows
to the point that stimulated emission of the Raman photons takes place. This
nonlinear optical process is called “stimulated Raman scattering” and is utilized
in Raman lasers to shift the emission wavelength of the pump laser.

Stimulated Raman scattering requires high pump field and long interaction
length, therefore the first Raman lasers were based on pulsed laser systems [4]
and fibre lasers [5]. With the development of high-finesse cavities, Raman con-
version in continuous-wave (cw) operation became feasible in non-fiber laser sys-
tems. In 1998, Brasseur et al. reported the first cw Raman laser in Hy. In 2004,
Grabtchikov et al. reported the first cw crystalline Raman laser using a barium
nitrate, Ba(NOj)s, crystal pumped in an external cavity by a 514-nm argon-ion
laser. Given the relatively low output power achievable by most cw pump sources,
the following cw Raman lasers were intracavity-pumped in order to exploit the

high intracavity fields generated in most cw laser systems. The first two demon-
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strations of cw intracavity Raman lasers occurred in 2005, when Demidovich et
al. reported a Nd*":KGW self-Raman laser [6] and Pask demonstrated a KGW
Raman laser pumped in a Nd:YAG laser with maximum output power of 0.8 W
at 1176 nm [7].

The importance of Raman lasers lies in the capability of reaching spectral re-
gions which are otherwise difficult to achieve via common gain media. However,
Raman conversion is not the only nonlinear process which can be utilized for this
purpose. Harmonic generation, parametric interaction, Brillouin scattering and
the Kerr effect are widely employed nonlinear phenomena for upconversion, down-
conversion and mode-locking of laser systems. Some of these processes can be
combined for enhanced spectral coverage of efficient lasers operating in a narrow
spectral range. In this work, Raman conversion and cascaded nonlinear conver-
sion are exploited to extend the spectral coverage of a ~1055 nm InGaAs SDL
and a red-emitting GalnP SDL for laser emission in the visible, orange and red,
and infrared.

In the next sections nonlinear optical effects are described. In Section 2.1 the
nonlinear optical effects are discussed on a microscopic scale, then Section 2.2
and Section 2.3 will be focused on second order and third order nonlinearities,
respectively. Finally, an extensive discussion on Raman lasers and their different

configurations is given.

2.1 Nonlinear optical effects

The first experimental observation of nonlinear optical effects occurred in 1961
when Franken et al. detected ultraviolet light at twice the frequency of a ruby laser
propagating through a quartz crystal [8]. Nonlinear phenomena are caused by the
atomic response of dielectric materials to intense electric fields. A high intensity
laser beam propagating through a material influences the spatial and temporal
distribution of electrical charges because of the interaction between the electro-
magnetic field of the wave and the valence electrons. This perturbation generates
electric dipoles, resulting in an induced polarization. For small electric fields, the
induced polarization is linearly proportional to the electric field, whereas for high
electric fields, the induced polarization shows a nonlinear relation to the applied
field and additional frequencies can be generated. The strength of nonlinear op-
tical effects is typically small on a microscopic scale [9], therefore they can be
observed on a macroscopic scale only if the nonlinear waves add coherently. This

means that the phase velocities of the nonlinear wave and the incident wave have
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to be the same; in other words, the two waves must be phase-matched.
In a given material, the induced polarization (P) is related to the applied
electric field (E) as follows:

P =eoxWE + eox P E? + o x® E® + ... (2.1)

where &, is the vacuum permittivity, x* the linear susceptibility, x®) the second-
order nonlinear susceptibility and x® the third-order nonlinear susceptibility. In
general Y > v > y®) thus nonlinear optical effects become important only
at high pump fields.

The linear susceptibility is responsible for linear optical properties such as
refraction, absorption, dispersion and birefringence, but does not generate fre-
quency conversion. The second- and third-order susceptibilities describe three-
and four-wave mixing processes, respectively, where the electric field associated
to each wave may have a different frequency, propagation vector, polarization
and phase. Nonlinear optical effects can be divided into 2 categories: elastic
processes, where the optical energy is conserved, and inelastic processes, where
some energy is deposited in the nonlinear medium. Second-order nonlinearities
are elastic processes whereas some third-order nonlinear processes, such as stim-
ulated Raman scattering and stimulated Brillouin scattering, are inelastic. The
following description of nonlinear optical processes is mainly based on the study
of Chapter 10 of Koechner’s “Solid-state laser engineering” book [9] and Boyd’s
“Nonlinear optics” book [10].

2.2 Second order nonlinearities

Second-order nonlinearities are three-wave mixing process that require conserva-
tion of momentum and photon energy. The second-order induced polarization for

its ith Cartesian coordinate can be written as follows:
Py = 50X?jkEjEk (2.2)

where X?jk is the susceptibility tensor with 27 independent coefficients. By taking
into account symmetry conditions (ij = ji, jk = kj and ik = ki), x7;, can be
expressed by a 3x6 matrix. However most of the matrix elements are equal to
zero, so nonlinear media is usually described by few nonlinear coefficients associ-
ated to a specific beam propagation direction. Nonlinear coefficients are usually

expressed in pm/V. Note that only non-centrosymmetric crystals can be utilized
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for second order nonlinear conversion, as the second-order susceptibility tensor of
centrosymmetric materials is the zero matrix [9,11].

Some of the second order nonlinearities originate from frequency mixing ef-
fects. The main example of a frequency mixing process is sum frequency gen-
eration where two waves with frequency w; and wy create a third wave, whose
frequency ws is equal to the sum of the frequencies of the original waves. Instead,
in difference frequency generation the frequency of the third wave is equal to
difference in frequencies between the two original waves. Frequency doubling is
just a special case of sum frequency generation as the two input waves share the
same frequency, therefore the third wave has double the frequency of the original
waves. In optical rectification the high intensity of a femtosecond laser generates
a quasi DC-polarization in the nonlinear medium [12]. In the Pockels effect the
use of high electric fields leads to birefringence in nonlinear media [13]. This effect
is exploited by Pockels cells, which can be used as voltage-controlled waveplates
and find application in laser Q-switching.

In parametric interactions a single input wave, the “pump”, give rises to two
output waves, the “signal” and the “idler”. When at least one of these waves is
resonant in a laser cavity, this is called “optical parametric oscillation”, otherwise
“optical parametric generation”. In optical parametric amplification the signal
input is amplified while co-propagating with the pump, generating an idler wave.
Note that optical parametric amplification is analogous to difference frequency
generation. Spontaneous parametric down conversion consists in the generation
of entangled photons from a nonlinear crystal pumped by a laser beam [14]. The
entangled photons have lower energy than those of the pump, but the total en-
ergy and momentum is conserved. An attractive feature of parametric processes
is the broad wavelength tunability. For a fixed pump wavelength \,, the phase
velocities of the signal and the idler can be maintained equal at different crystal

orientations, and hence at different wavelengths.

2.2.1 Sum frequency generation

In sum frequency generation two waves with frequency w; and wsy generate a
third wave with frequency ws = w; + wy (see Figure 2.1). The mathematical
description of this nonlinear effect is given by Maxwell’s equations for a lossless
dielectric medium [9, 10]. The combination of Maxwell’s equations leads to the
following wave equation:

0’E 0?Py1,

_V*E - =
+ pog Fo—50m

- (2.3)
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Figure 2.1: Schematic illustration of sum frequency generation.

where F is the electric field, po the vacuum permeability, € the material permit-

tivity, and Py, the nonlinear polarization defined as:
PNL:P_PL:P_€0XLE (24)

where Pp, is the induced linear polarization. As sum frequency generation is a

second-order nonlinearity, the nonlinear polarization can be simply considered as:
Py = exi B By = 2dijn E; By, (2.5)

where d;;;, is the second order nonlinear susceptibility tensor of the nonlinear
medium. The solutions of Equation (2.3) are monochromatic plane waves with
fields F(z,t):

E(z,t) = A(z) expi(wt — kz) + c.c. (2.6)

where i is the imaginary unit, A(z) the amplitude, k the wavenumber, and c.c.
stands for complex conjugate. The wavenumber is set by the refractive index
(ny) of the nonlinear material, which, in turn, depends on the frequency (w) of
the wave: )
new ™,
=" — d 2.7
. 3 (2.7)

where )\ is the wavelength. Let’s now consider 3 monochromatic plane waves with

frequencies wy, wy and w3 = w; +ws, propagating along a direction z. The electric
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fields of the plane waves are:

Ei(z,t) = %[Ah(z) expi(wit — k1z) + c.c.] (2.8)
Ey(z,t) = %[A%(z) expi(wst — koz) + c.c) (2.9)
Ei(z,t) = %[Agj(Z) exp i(wst — k3z) + c.c.] (2.10)

where 1, j, k subscripts are Cartesian coordinates. By substituting these equations

into (2.3), the coupled differential equations for sum frequency generation are:

E
b _ —iw @dijkEgE; exp(—iAkz) (2.11)
dz €1
dE
22 gy [P BB exp(—iAkz) (2.12)
dz €9

dE /

- = —iW3 @djikElEb exp(zAkz) (213)

dz €3

where Ak = k3 — ki — ko is the phase-mismatch. These nonlinear equations can
be solved by integration over the length L of the nonlinear medium. Note that
the waves at frequencies w; and wo decay as they propagate along the nonlinear
medium, whereas the wave at ws increases in amplitude. However to simplify

calculations the fundamental beams can be considered not depleted:

dEy,  dE,

D 2.14
dz dz 0 ( )

This is a good approximation for nonlinear conversion at low efficiency, as ex-
pected in semiconductor disk lasers [15]. The generated wave Ej5 associated with

frequency w3 can be calculated by the following integral:

z=L

Ey = —iws, |/ /;_gdeffElE2 / exp(iAkz)dz (2.15)

2=0

where d s is the effective nonlinear coefficient of the tensor d;;; for a specific
orientation of a nonlinear material and L is the length of the nonlinear medium.
The intensity I; of an electromagnetic wave E; with amplitude A; and frequency

w; is given by the time average of the Poynting vector (.5):

N;CEQ

Li=(5)=""%

|Ail? (2.16)
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where n; is the refractive index of the nonlinear material at frequency w; and
go is the vacuum permittivity. From the calculation of the field F5 and the
corresponding amplitude As, the intensity I3 of the generated sum frequency
field results to be [10]:

2d?, w2 AkL
Iy = [ L,—1 p2ine? (=2 (2.17)
£0C3ningns 2
where )
AkL in? (2kL
sinc? ( ) _ ( 22) (2.18)
9 (AgL

The efficiency of sum frequency generation is set by the phase mismatch expressed
by the sinc? function. For a fixed phase mismatch Ak, the efficiency grows and
decays with a period AkL. = w, where L, is termed the “coherence length”. It
is evident that the coherence length increases by reducing the phase mismatch.
When Ak = k3 — k1 — ks = 0 the coherence length is oo, and consequently the
intensity of sum frequency generation is maximized. In other words the efficiency
of sum frequency generation reaches its maximum when a “phase-matching” con-
dition (Ak = 0) is accomplished.

In practice, phase-matching can be obtained in two ways: birefringence phase-
matching (BPM) and quasi-phase matching (QPM). BPM is accomplished by
offsetting the dispersion in the birefringent material. For example, uniaxial crys-
tals show a unique axis of symmetry, called the “optical axis”, along which the
birefringence is zero. Such materials are characterized by two relevant refractive
indices: n,, the ordinary refractive index for linear polarization perpendicular
to the optical axis, and n,., the extraordinary refractive index for other linear
polarization directions. The refractive indices of a dispersive material change
with temperature and wavelength. Moreover, the extraordinary refractive index
depends on the angle between the propagation direction and the optical axis.
Thus BPM can be achieved via either angular tuning (critical phase-matching)
or temperature tuning (noncritical phase-matching).

In type-1 noncritical phase-matching two input waves with parallel polariza-
tions generate a third wave with perpendicular polarization. The type-1 phase-

matching condition for a negative uniaxial crystal (n. < n,) is given by:
ke3(0m) = ko1 + kog = Ne3(0m)ws = noiwr + neaws (00e interaction) (2.19)

where n,; and n, are the ordinary refractive indices for the input waves with

frequencies w; and ws, respectively, n.3 is the extraordinary refractive index for
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the generated wave with frequency ws, and 6, is the so-called “phase-matching
angle”. For a positive uniaxial crystal (n. > n,) the type-1 phase-matching

condition is:

ko3 = ke1(0m) + ke2(0m) = Nozws = Ne1 (O ) w1 + Nea (6 )wo (eeo interaction)
(2.20)
In type-2 noncritical phase-matching the two input waves with frequencies w; and
wy have perpendicular polarizations. The type-2 phase-matching conditions for a

negative uniaxial crystal (n. < n,) are given by:

]{Jeg(em) = kel (Qm> + kog = n63(0m>W3 = nel(é’m)wl + Nyao (eoe) (221)
k’eg(em) = kol + keg(em) = ’I’Leg(em)w;g = Ny1w1 + neg(gm)WQ (oee) (222)
whereas for a positive uniaxial crystal (n. > n,):

k?og = kol + k:eQ(‘gm) = Np3Ws = Ne1W1 + neg(em)WQ (oeo) (223)
kos = ke1(0m) + ko2 = nozws = N1 (O )wi + ngaws (€00) (2.24)

Critical phase-matching is usually associated with spatial walk-off, which affects
the spatial overlap between the fundamental and the sum frequency generated
beam, resulting in shorter coherence length and poor beam quality.

Noncritical phase-matching (NCPM) occurs when the phase-matching angle
is equal to 90 degrees. In this case neither the fundamental nor the sum frequency
wave suffer birefringence, as their propagation direction is parallel to the optical
axis, therefore no spatial walk-off takes place. For two input waves at frequency
wy and wo, NCPM can only be achieved at a fixed temperature. In Chapter 5 this
feature is exploited for tunable emission of a frequency-doubled diamond Raman
laser.

An alternative approach for efficient nonlinear conversion is “quasi-phase
matching” (QPM). In the situation of a fixed phase mismatch Ak, energy flows
back and forth sinusoidally between the fundamental and frequency-doubled beams
with a period of two-fold the coherence length. In absence of phase-matching, the
coherence length is in the order of a few um. However it is possible to arrange a
periodic structure in the nonlinear crystal which is able to correct the phase of
the propagating beams each time it reaches m. This process is called “periodic
poling”. In these engineered structures the sign of the nonlinear coefficient is re-
versed after each coherence length distance. Compared with the phase-matching

case, the effective nonlinear coefficient is reduced of a factor 2/7. On the other
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hand, quasi-phase matching can take place with the same polarization direction
for all interacting waves, so it is possible to use a stronger element of the nonlin-
ear tensor and obtain a very high effective nonlinear coefficient (d.yr). Typically,
the propagation direction is set to achieve noncritical phase matching in order to

avoid spatial walk-off.

2.2.2 Frequency doubling

Frequency doubling is a special case of frequency mixing, as the two input waves
share the same frequency w and the output wave has frequency 2w (see Figure
2.2). Therefore F; and Es in equations (2.11) and (2.12) represent the electric
fields of the same fundamental beam. The corresponding coupled differential

equations for frequency doubling are:

dFE,, . N .
7, = w g—jdijkngEw exp(—iAkz) (2.25)
dFEs,
2 e, [ B2, B2 exp(ikz2) (2.26)
dz E2u

where Ak = ko, — 2k,,. Assuming low efficiency, the depletion of the fundamental
field can be considered negligible:

dE,
dz

~0 (2.27)

The integration of the coupled different equations for frequency doubling gives

the following equation for the intensity Io, of the generated frequency doubled

1 ———— - -- ----P---

@

b oy [
W

@

0 —@— L

Figure 2.2: Schematic illustration of frequency doubling.
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field:
L, = %L%%mc (AkL/2) = C*L*I%sinc (AkL/2) (2.28)
T ceAnd T e “ '
where d, ¢ is the effective nonlinear coefficient, A the fundamental wavelength and
ny the refractive index of the nonlinear medium at the fundamental wavelength .
As for sum frequency generation, the nonlinear conversion efficiency is maximized

when the phase mismatch (Ak) is equal to zero:

_47T

Ak = kgw - 2kw == \ (nw - TLQw) =0 (229)

therefore n, — ny, = 0. The considerations on phase-matching for sum frequency

generation hold for frequency doubling.

2.2.3 Parametric interaction

An optical parametric oscillator (OPO) is a resonator where an input wave, called
the “pump” with frequency w, is converted to two waves with frequencies w, and
wj, called the “signal” and the “idler”, respectively (see Figure 2.3). The sum of

the output wave frequencies is equal to the input wave frequency:
Ws + Wi = Wy (2.30)

For efficient parametric generation, the phase velocities of the three waves have

to be the same, and hence phase-matching is required:

kp — kg — ki = 0 (2.31)

msignal

0 —@— Y

Figure 2.3: Schematic illustration of parametric interaction.
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For collinearly propagating beams the phase-matching condition can be written

as follows:
s _ (2.32)

where A\,, A\s and A; are the pump, the signal and the idler wavelengths, and
Ny, N, n; the correspondent refractive indices. Like frequency mixing processes,
phase-matching can be accomplished by offsetting the dispersion of a birefringent
material or via quasi-phase matching.

Wavelength tunability is an important feature of parametric devices. With
the pump at fixed wavelength \,, the phase-matching condition can be tweaked
by exploiting the angular and the temperature dependence of the birefringence
in anisotropic crystals.

Parametric interaction in laser systems can be accomplished with several dif-
ferent configurations. Figure 2.4 shows the common setups for parametric con-
version. An optical parametric amplifier (OPA) consists of a signal beam co-
propagating with the pump beam along a nonlinear medium. When the phase-
matching condition is accomplished, the signal wave is amplified and an idler
wave is generated. In a singly resonant OPO (SRO) the nonlinear medium
is placed within a cavity where the signal is resonant. To reduce the nonlin-
ear threshold the output coupler of the SRO can be set to be highly reflective
at the pump wavelength for double-pass nonlinear gain (pump-enhanced SRO,
PESRO). Even lower threshold can be reached in a doubly resonant OPO (DRO)
where both the signal and the idler are resonant within the cavity. However a
DRO system requires a very stable pump beam and active control of the cavity
length because small variations in the crystal temperature or in the pump set
new phase-matching conditions. As a consequence, the tuning range of DROs
is non-continuous and usually shorter than SROs as the operation wavelength of
the signal and the idler are primarily set by their simultaneous resonance rather
than the phase-matching. Similarly, in a triply resonant OPO (TRO) the pump,
the signal and the idler resonate in the same cavity, however such a device suf-
fers the same problems of stability as DROs. A more stable configuration is the
singly-resonant intracavity-pumped OPO where the nonlinear medium is placed
inside the pump laser resonator in order to exploit the high intracavity power of
the pump laser.

Parametric devices offer the means for laser operation from the visible to far-
infrared. In particular, OPOs find application in spectroscopy and imaging in the
mid- and far-infrared. However OPOs are usually characterized by broad emis-

sion which is detrimental for spectroscopic applications. The gain linewidth (dv)
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Signal = Signal

Pump -

™ Idler

- - Signal
Pump —-
Idler
(b)
-
- - Sigl‘tﬂl
Pump
Idlar
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-l
- = Signal
Pump -
- Idler

(d)
Figure 2.4: Typical arrangements for parametric interaction: (a) optical paramet-

ric amplifier (OPA); (b) singly resonant OPO (SRO); (¢) pump-enhanced singly
resonant OPO (PESRO); (d) doubly resonant OPO (DRO) [9].
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of an OPO is set by the length () of the nonlinear crystal and its birefringence

(An) [9]: X

~ Anl

To narrow the emission linewidth of an OPO, the resonator may contain wave-

ov (2.33)

length selective elements, such as etalons or gratings, or it may be seeded by a

single-frequency laser.

2.3 Third order nonlinearities

Third order nonlinearities are four-wave mixing interactions involving the third
order nonlinear susceptibility tensor 3. The induced nonlinear polarization
(Pyp) is the result of the interaction between three optical fields with frequencies

wy, wy and ws generating a fourth field with frequency wy:
Prni(ws) = e0X*E(ws3) E(ws) E(w) (2.34)

where the nonlinear susceptibility tensor x? is a 3x 27 matrix for a total of 81 coef-
ficients. The susceptibility coefficients are complex numbers: x* = x" +ix . The
real part describes an absorptionless interaction which can result in frequency
conversion (third harmonic generation) or intensity-dependent variation of the
refractive index (Kerr effect). The imaginary part of x* describes interactions
involving absorption, such as stimulated Brillouin scattering and stimulated Ra-
man scattering. For energy conservation the sum of the three input frequencies

must match the output frequency: w; + ws + w3 = wy.

2.3.1 Third harmonic generation

Theoretically, third harmonic generation, also known as frequency tripling, is a
nonlinear process where three waves with equal frequency w generate a fourth
wave with frequency 3w. In practice, the preferred method is not the 4-wave
mixing as the x? coefficients are typically order of magnitude smaller than y2. A
more efficient way is to exploit frequency doubling followed by sum frequency gen-
eration, i.e. cascaded second-order nonlinear conversion. The optimal situation is
achieved when the conversion efficiency of frequency doubling is 2/3, so that for
every 3 input photons at w, the doubling crystal produces a photon at 2w, which
then combines in the second nonlinear medium with one photon at w generating

one photon at 3w. With this approach, efficient third harmonic generation is ob-
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tained via type-1/type-2 and type-2/type-2 phase matching. Frequency tripling

is mainly employed for laser operation in the ultraviolet or blue.

2.3.2 Stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) is a nonlinear process where an optical
beam interacts with an acoustic phonon produced by the propagation of pressure
along the nonlinear medium. The coupling process between the optical beam and
the acoustic wave is “electrostriction”, that is, a local compression of the medium
due to interaction with an electromagnetic field. In practice, an incident laser
beam finds a periodically varying refractive index due to the acoustic wave. As
a consequence, a backscattered wave with lower energy is generated. The 4-wave
mixing process consists of two pump photons with frequency w, combined with
an acoustic wave with frequency w, to generate a fourth wave with frequency

wp — We. The frequency of the acoustic wave is given by:

nw,
o = 2y (220 (2.35)
c
where v, is the speed of sound in the medium and ¢/n the speed of light in the
medium. Typically v, < ¢/n, therefore the frequency shift is very short. For this
reason SBS is not utilized to extend the spectral coverage of a pump laser, but
for phase-conjugation reflection of the pump [16], linewidth-narrowing [17] and

fiber-optic sensing [18].

2.3.3 Stimulated Raman scattering

Raman scattering involves a laser beam interacting with molecular vibrations
generated by a strong electric field. In crystals molecular vibrations are called
“phonons”: in-phase oscillations of the atoms from their equilibrium position are
“acoustic phonons”, whereas out-of-phase oscillations are “optical phonons” [19].
The former leads to the afore-mentioned Brillouin scattering, the latter to Raman
scattering. An external electric field interacting with optical phonons causes
the positive and the negative ions of the lattice to vibrate against each other,
generating a time-dependent dipole which sets the “Raman shift” of the nonlinear
material. For a pump beam with frequency w, interacting with optical phonons
with frequency wg, two outcomes are possible: a wave with frequency w, — wg
(Stokes shift) or a wave with frequency w,+wp (anti-Stokes shift). If the pumped
molecules go from the ground state to an excited level, the scattered wave is Stokes

shifted, otherwise is anti-Stokes shifted. An illustration of Raman scattering with
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(a) virtual level (b) virtual level
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Figure 2.5: Raman scattering: (a) Stokes shift; (b) anti-Stokes shift. w,, ws, Was
and wpg represent the frequencies of the pump photon, the Stokes photon, the
anti-Stokes photon and the molecular vibration. wpg defines the Raman shift of
the nonlinear medium.

a Stokes and an anti-Stokes shift is given in Figure 2.5. The upper level of the
transition is usually a virtual state. The Raman transition from one level to
another can only take place if the polarizability («) derivative with respect to the
normal coordinate (vibration or rotation) ¢ [20]:

Oa

=40 2.36

o (236)
Raman lasers utilize “stimulated Raman scattering” (SRS) to operate. In SRS a
pump photon excites a molecule to a virtual state. The molecule is then stimu-
lated by a Raman photon, generated by another molecule within the nonlinear
medium. As a result the molecule relaxes and 2 coherent Raman photons are
emitted (see Figure 2.6). High pump intensity may lead to “cascaded Raman
conversion”, resulting in the emission of several frequencies, each separated from
its neighbour by wg. Note that the Raman shift is often given in Avg (cm™):

WR

AVR(Cmil) = 2— =
™

1 1
— - — 2.37
o (2.37)
where A, and Ag are the wavelengths of the pump and the Stokes fields, respec-
tively.

The theoretical description of SRS reported below is based on the study of
Pask’s “The design and operation of solid-state Raman lasers” review article [21].

The generation rate of Stokes photons (dNg/dt) is given by the following rela-
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virtual level
———mmm———— o ___ PSR

level ‘z I o
ground 0 B %
state

Figure 2.6: Illustration of the stimulated Raman scattering process.

tion [21,22]:

dNS Oa 4
WZN(a_q> nanmCI Z ep 65 1+NS+NV](5(w5—wp+wR) (238)

where Ng is the Stokes photon population, N the density of molecules in the Ra-
man medium, m the reduced mass of the oscillating molecule, I, the intensity of
the pump laser, e, and eg the unit vectors of the pump and the Stokes polariza-
tions, Ny the phonon population and ¢ is the Kronecker delta. The summation
is over all Stokes modes, kg, in volume V' and solid angle ASQ2.

The phonon population term (Ny) can be neglected as it is usually small
and comparable to the population of the final level of the Raman transition.
For simplicity, the Raman polarization is considered to be parallel to the pump
polarization, i.e. e,-eg = 1. The generation rate of Stokes photons is set by
spontaneous Raman scattering (the 1 in the square brackets) and stimulated Ra-
man scattering (Ng). The relation between the Stokes output power (Ps) and

the rate of generation of Stokes photons is the following:

Ps = hus—* (2.39)

The Stokes output power generated by spontaneous Raman scattering (Ps),) is:
wing h O oo
cin, 2mwpg 8q

LAQ = NVE2IAQ (2.40)

Py, =NV 50"
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where A is the solid angle over which the Stokes photons are emitted and g—g
the Raman scattering cross section. F;, is proportional to the pump power P,
nearly isotropic but very weak.

For SRS of a single Stokes mode kg, it is interesting to calculate how the
generation of Stokes photons evolves while propagating along a Raman medium.

Equation (2.38) can be transformed to distance coordinates using:

dNS idNS

dz  ng dt

(2.41)

By neglecting the spontaneous Raman scattering term, the population of Stokes
photons (Ng) grows exponentially with the intensity of the pump laser (,) and
the distance z:

Ng ~ exp(grl,z) (2.42)

where gg is the Raman gain of the Raman material, which is given by:

ST2N ) Am?wgN Oa
IR W—( U) TS ( ) (2.43)

T n2awAv \0Q) T npnsmwrAv \ 9q

Equation (2.43) shows that the Raman gain of a material is set by the Stokes
wavelength, and hence by the pump wavelength since the Raman shift, wg, is
a fixed parameter of the Raman medium. The term da/0q is not wavelength
dependent, therefore the Raman gain scales with the Stokes frequency wg, or in
wavelength terms:

gr~Ag' (2.44)

This dependence has been verified experimentally in Hy [23], BaWO, [24] and re-
cently also in diamond [25], but does not hold in all crystalline Raman media [26].
The reason for this discrepancy is not clear. It is important to notice that both
the Raman gain and the Raman shift are temperature dependent. In particular,
the Raman linewidth broadens with increasing temperature, resulting in lower
Raman gain, while the Raman shift gets shorter at higher temperature [27,28].
The Raman linewidth, and consequently the Raman gain, are also set by the
temporal regime for SRS, since the response of a material to optical pumping is
not instantaneous. In pulsed laser systems the pump pulse duration, 7, may be
shorter than the dephasing time 75 for the final state of the transition (transient
regime), resulting in effective Raman gain reduced by a factor 7,,/T5 with respect
to the steady-state regime (7, > T and continuous-wave operation).

The dot product in Equation (2.38) implies that no Stokes photons with po-

larization perpendicular to the pump can be generated, but this is not true ex-
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da
dq

in ref. [22]. But if g—‘;‘ is described as a tensor, as in ref. [29], then the Raman

perimentally. This discrepancy is due to the fact that is treated as a scalar

scattering cross section, g—g, is polarization-dependent. By considering P, and

Py as the scattered powers with polarization vectors perpendicular and parallel,

respectively, to the pump, the polarization-dependent Raman scattering cross

(a0).= () () 2
().~ () () 210

B= (2.47)

sections are:

where

is the degree of polarization.

The coupled nonlinear equations for SRS were first discovered by Shen and
Bloembergen in 1965 [30]. The mathematical approach is analogous to the one
shown for the calculation of the coupled equations for sum frequency generation:
Maxwell equations, plane wave approximation and eigenvalue equation. The set
of coupled differential equations for pump and Raman laser beams co-propagating
along a non-dispersive medium is the following:

% = _i\\_igR[p[S — apl, (2.48)
dlg

E = gRIp[S - 04515 (249)

where o, and g are the loss coefficients for the pump and the Stokes fields, re-
spectively. By neglecting the pump depletion (d1,/dz = 0) and the loss coefficient,
the intensity of the Stokes field grows exponentially:

Is = I, exp(grlpl) (2.50)

where [ is the length of the Raman medium and I, is the intensity for spontaneous

Raman scattering:
/ Aw?nd
P 8nde?

In principle, these considerations on Stokes emission are also valid for SRS with

AQ (2.51)

anti-Stokes photons, however anti-Stokes laser emission is hindered by the low

population of the excited states at thermal equilibrium. In practice, stimulated
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anti-Stokes scattering is obtained via 4-wave mixing of the pump, the Stokes and
the anti-Stokes beams, as shown in Figure 2.7. Efficient anti-Stokes emission can
only be achieved when the phase-matching condition for the 4-wave mixing is

accomplished:
Ak =kg+ kos — Qk‘p =0 (2.52)

where k,, ks and k,s are the wave-vectors of the pump, the Stokes and the
anti-Stokes fields, respectively. Since anti-Stokes generation requires Stokes pho-
tons, stimulated anti-Stokes scattering competes with stimulated Stokes scatter-

ing, therefore it is detrimental for efficient Stokes emission.
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Figure 2.7: Illustration of the stimulated anti-Stokes scattering process.

2.4 Raman media

Raman media are available in solid, liquid and gaseous forms. Gaseous Raman
media, such as Hs, deuterium and methane, are widely employed as they offer
low scattering loss and very large Raman shift (>4000 cm™! with Hy). However,
the Raman gain of gaseous Raman media is typically at least one order of mag-
nitude lower than common crystalline Raman media, therefore an elevated pump
field or a high-finesse cavity is required to reach Raman threshold. Moreover, the
gaseous Raman media are usually housed in bulky cells which are not practical
for commercial applications. On the other hand, liquid Raman media are not
widely used because their transparency band is usually limited by absorption.
Solid-state Raman media are divided into two categories: optical fibres and

crystals. Raman optical fibres take advantage of the long interaction length. SRS
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in optical fibres is nonresonant, therefore Raman conversion can be achieved over
their whole transparency range. In principle, any single-mode fibre can be utilized
for Raman amplification. As an example, Raman amplification in fused silica op-
tical fibres leads to laser operation at 1.3-1.5 um, which is a crucial spectral range
for telecom applications [31].

This manuscript is focused on the use of crystalline Raman media, which pro-
vide relatively high gain, good thermal and mechanical properties and are suitable
for laser miniaturization. Although the possible use of crystalline Raman media
was predicted in 1966 [32], the first practical demonstration occurred only 11
years later [4], probably because of the lack of high quality materials at that
time. In recent years several crystalline Raman media have been produced and
tested [33]. Common Raman media are tungstate and vanadate crystals. In par-
ticular, the availability of robust tungstate Raman crystals encouraged the recent
development of crystalline Raman lasers. For example KGd(WOy,)y (KGW) and
BaWOQ, are tungstate Raman media which offer reasonably high steady-state and
transient Raman gain, relatively large Stokes shift and high damage threshold.

In the last few years, diamond has become a prominent Raman crystal thanks
to its outstanding Raman gain (3-4 times higher than most Raman media), large
Raman shift (1332 cm™!) and unrivalled thermal conductivity (2 to 3 orders of
magnitude greater than most Raman media). The high Raman gain of diamond
is due to the high density of scatterers [34]. Thermal conductivity of the Ra-
man medium is also a key factor for efficient Raman lasers as SRS is an inelastic

process which releases energy in the Raman medium.

2.5 Raman lasers

A Raman laser is an optoelectronic device which shifts the wavelength emission of
the pump laser. Depending on the pump source and the Raman medium utilized,
Raman conversion can be achieved with 3 different configurations: single-pass
Raman generator, external cavity Raman laser and intracavity Raman laser (see
Figure 2.8). The Raman laser setup is chosen depending on the available pump

2 achiev-

source and the Raman medium. With pump intensity of ~1 GW /cm
able by pulsed high-energy laser systems, SRS can be induced in a single-pass
Raman generator, although unwanted cascaded Raman lines may be generated.
Alternatively, the Raman crystal can be inserted in a resonator and pumped by
the output of a high intensity laser. This configuration is called external-cavity

Raman resonator and has been employed both for pulsed and cw Raman lasers.
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Figure 2.8: Schematic diagrams of Raman laser configurations: a) single-pass
Raman generator, b) external-cavity Raman laser, ¢) intracavity Raman laser.

However cw Raman emission in external-cavity configuration is challenging as the
output power of typical cw lasers is order of magnitude lower than the peak power
achievable in pulsed laser systems. Lastly, in intracavity Raman resonators, the
pump and the Raman laser share the same cavity, so that the Raman medium
is pumped by the intracavity power of the fundamental laser. Note that in most
cw laser systems, such as SDLs, the intracavity power may be several orders of

magnitude greater than the output power.

2.5.1 Single-pass Raman generator

In a single-pass Raman generator, a high intensity beam passing through the
Raman medium generates and amplifies Raman light. In the steady state regime,
with negligible pump depletion, the Raman field grows while propagating along
the Raman medium with an exponential trend (~exp grl,l). Since the Raman
field is non-resonant the pump intensity required for efficient Raman generation
is typically in the order of ~1 GW/cm?. Not all Raman crystals are suitable
for single-pass Raman generation, as the pump intensity for efficient Raman con-
version may exceed their damage threshold. Single-pass Raman generators are
affected by self-focusing, which leads to beam aberration and cascaded SRS. Cur-
rently, Raman generators are employed for Raman conversion of ultrashort-pulse

lasers and for Raman gain measurements.
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2.5.2 External-cavity Raman laser

By resonating the Raman field, the pump intensity required for SRS can be
orders of magnitude lower than single-pass Raman generators. In external-cavity
Raman resonators, the Raman crystal is placed within a resonator and pumped
by the output beam of the pump laser. Generally, the input mirror is coated
to be highly transmittive at the pump wavelength and highly reflective at the
Raman laser wavelength, whereas the output mirror is highly reflective at the
pump wavelength, to double-pass the pump, and partially transmittive (~50%
in pulsed operation, <1% in cw) at the Raman laser wavelength. Unlike Raman
generators, external-cavity Raman lasers exhibit excellent wavelength selectivity
as cascaded SRS can be avoided, or voluntarily implemented, by choosing the
proper coatings for the cavity mirrors.

The Raman laser threshold is reached when the round-trip Raman gain equals

the resonator losses:

Ry Ry exp(4grlpl) =1 (2.53)

where R; and R, are the reflectivities of the input and the output mirrors, re-
spectively, at the Raman wavelength and [ is the length of the Raman crystal.
For efficient SRS conversion, the resonator should be designed to ensure that the
pump and the Stokes modes in the Raman crystals are matched, otherwise the
effective Raman gain is reduced [35]. In real systems, perfect mode-matching is
challenging to achieve because of thermal effects and beam aberration.

The external-cavity configuration is particularly attractive for efficient Ra-
man conversion of pulsed Nd-doped solid state lasers [33]. In 2004, Basiev et
al. reported a BaWO, Raman laser pumped by a pulsed Nd:YAG laser. For
a maximum average pump power of 35 W, the Raman laser emitted 5 W at
the first Stokes (1180 nm), 2.4 W at the second Stokes (1325 nm) and 0.25 W
at the third Stokes (1510 nm), with corresponding diode-to-Stokes efficiency of
28% [36]. More recently, Zhang et al. demonstrated a Nd:YAG/BaWO, Raman
laser emitting almost 40 mJ with conversion efficiency exceeding 60% [37]. In the
visible, Mildren et al. reported a KGW Raman laser, pumped by a Q-switched
frequency-doubled Nd:YAG laser, emitting from green to red with slope efficiency
exceeding 50% [38]. In 2010, Sabella et al. demonstrated an external-cavity dia-
mond Raman laser with slope efficiency of 84%, approaching the quantum limit
of 85.8%, and conversion efficiency of 61%.

External-cavity Raman resonators have been also utilized for Raman con-

version of cw laser systems. In 2004, Grabtchikov et al. demonstrated the first
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cw crystalline Raman laser, using a Ba(NOj3), crystal pumped by a 514 nm Ar
laser [39]. Given the high Raman gain of Ba(NOj3)s in the visible (~47 cm/GW
at 532 nm) and the high-finesse (F = 4R/(1-R)* =~ 1000) of the resonator, the
Raman threshold was reached for pump intensity of only 60 kW /cm?. Later,
most works on cw Raman lasers were based on intracavity-pumping, in order to
exploit the high intracavity power densities achievable in solid-state lasers. How-
ever, very recently, Kitzler et al. reported an external-cavity cw diamond Raman
laser emitting 10.1 W at 1240 nm, with M?=1.16, slope efficiency of 49.7% and
conversion efficiency with respect to the fundamental output power of 31.7% [40].

In conclusion, external-cavity Raman resonators offer the means to shift the
wavelength emission of medium-high power laser systems. In pulsed systems the
efficiency can exceed 60% with Watt-level output power, whereas in cw operation
SRS efficiency is badly affected by thermal effects and high sensitivity to losses.
Besides, the output power of most cw lasers is several orders of magnitude lower
than the peak power achievable by standard pulsed lasers. This is why Raman

conversion in cw lasers is usually accomplished via intracavity-pumping.

2.5.3 Intracavity Raman laser

In intracavity Raman lasers the gain medium of the fundamental and the Raman
laser are resonant in the same cavity. In diode-pumped laser systems, this config-
uration helps to reduce the input power required to reach threshold for SRS. The
operation of intracavity Raman lasers is quite complex as the performances of the
fundamental and the Raman laser are not independent. For efficient Raman con-
version, the intracavity power of the fundamental has to be maximized without
affecting the pump intensity in the Raman medium. In general, this means that
the cavity mode size should match the diode-pump mode size in the fundamental
laser gain medium. However thermal loading of the fundamental /Raman medium
may lead to thermal lensing, resulting in beam aberration, mode-mismatch and
cavity instability [21].

The typical arrangement for intracavity Raman lasers is shown in Figure 2.8c,
however alternative designs are possible (see Figure 2.9). In self-Raman config-
uration the fundamental and the Raman laser emissions are generated by the
same medium. Self-Raman lasers allows the development of compact devices op-
erating at relatively low input power (~1 W). Typical self-Raman materials are
doped tungstates [41] and vanadates [42]. In coupled-cavity Raman lasers, the
fundamental and the Stokes fields are resonant in separate, but partially shared,

resonators. In this way, the Raman laser is still pumped by the high intracavity
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- Raman laser
Laser/Raman medium

b)

Raman laser

Laser gain medium Raman crystal

DM

SHG/SFG
laser

Laser gain medium Raman crystal Nonlinear
crystal

Figure 2.9: Schematic diagrams of some intracavity Raman laser configurations:
a) self-Raman laser, b) coupled-cavity Raman laser (DM = dichroic mirror), ¢)
upconversion of Raman laser via second harmonic generation (SHG) and sum
frequency generation (SFG).

power of the fundamental laser, but the two resonators can be optimized al-
most independently. Usually, the two cavities are decoupled by a dichroic mirror
coated for high transmission for the fundamental and high reflectivity for the Ra-
man laser. The use of a coupled-cavity Raman resonator allows the insertion of
wavelength and /or linewidth control elements in the fundamental cavity without
influencing the Raman resonator. This is an attractive feature for Raman lasers
pumped by tunable lasers, such as semiconductor disk lasers.

Most Raman lasers operate in the infrared, so in the last few years there has
been an increasing interest in nonlinear conversion of Raman lasers for laser emis-
sion in the visible. Upconversion of Raman lasers can be accomplished using an
intracavity Raman resonator containing the fundamental gain medium, the Ra-
man crystal and a nonlinear crystal. The nonlinear crystal offers the means for
frequency-doubling of the Raman laser and for sum frequency generation of the
fundamental and the Raman laser. For efficient nonlinear conversion, the funda-
mental and the Stokes fields are resonant in a high-finesse cavity; the visible light
is coupled out through a dichroic mirror with high reflection for the fundamental

and the Raman laser wavelengths and high transmission for the visible.
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The intracavity Raman laser configuration is widely employed in low power
laser systems, such as cw lasers and Q-switched lasers with high pulse repetition
rate [33]. First intracavity Raman resonators were based on pulsed laser systems.
As an example, Chen et al. described a Nd:YAG/BaWO, Raman laser emitting
1.6 W at 1181 nm, with pulse width of 24 ns, pulse repetition rate of 20 kHz and
diode-to-Stokes conversion efficiency of 16.9% [43].

The first two works on cw intracavity Raman lasers were reported nearly si-
multaneously in 2005. Demidovich et al. reported a Nd:KGW self-Raman laser
emitting 54 mW at 1181 nm for an input power of 2.06 W [6]. The fundamental
intensity was estimated to be 440 kW /cm? during Raman conversion. Pask et
al. demonstrated a diode-pumped Nd:YAG/KGW Raman laser emitting 0.8 W at
1176 nm, with optical conversion efficiency of 4%. The efficiency and the output
power of cw intracavity Raman lasers was enhanced in later works. In 2009, Fan
et al. reported a Nd:YVO,/BaWO, Raman laser with maximum output power of
3.36 W at 1180 nm and diode-to-Stokes conversion efficiency of 13.2% [44]. In the
Institute of Photonics, record output power of 6.1 W at 1139 nm was reported
by Savitski et al. using a KGW Raman laser intra-cavity pumped in a Nd:YLF
laser [45]. In 2010, Lee et al. reported a Nd:GdVOy self-Raman laser upconverted
to the visible emitting 5.3 W at 559 nm (lime) with record optical conversion effi-
ciency of 20.4% [46]. All these works prove that cw intracavity Raman lasers are
efficient, and potentially compact, devices for laser operation in the visible and

in the infrared.

2.5.4 Thermal effects

Due to the inelastic nature of the SRS process, energy is deposited as heat in
the Raman medium, which results in detrimental thermal effects such as thermal
lensing and thermally-induced birefringence. In fact, the refractive index of a
material is temperature dependent, therefore the heat generated by a Raman
laser beam produces a refractive index gradient which acts as a lens. In the
steady-state regime, the thermal load (Pjeq:) generated by SRS can be calculated
as follows [21]:
Prows = Ps (i - 1) (2.54)
Ap
where Pg is the time-averaged power at the first Stokes wavelength, which can
be assumed to be equal to the Stokes output power [21].
The heat deposited in the Raman crystal is generated wherever Stokes photons

are produced, thus assuming a Gaussian intensity profile for the Raman laser,
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the heat distribution in the Raman medium shows a Gaussian profile as well.
Hence the heat deposition can be considered constant along the propagation
direction. For a temperature-controlled Raman crystal, the heat flows radially to
the boundary via conduction. The spatial temperature distribution can be found
by solving the following heat equation:

d*T'(r)

Qr) = kthW (2.55)

where (r) is the heat generated per unit volume and ky, the thermal conductivity
of the material. Once the radial temperature profile is derived, the refractive index

distribution, An(r), can be calculated as follows [47]:

dn
A ~ AT(r)— 2.56
n(r) = AT() o (256)
where dn/dT is called “thermo-optic coefficient” of the Raman medium. For most
Raman crystals the thermo-optic coefficient ranges from 107% to 107 K~. The
refractive index gradient induces thermal lensing with focal length f [21,47]:

mu% - Ky,

f=aF., (257
where wg is the Stokes beam radius in the Raman crystal. Thus the strength of
thermal lens is set by the generated Stokes power, the Stokes emitting area, the
thermo-optic coefficient and the thermal conductivity.

In a resonator, the Raman cavity mode is influenced by the thermal lens,
which in turn, depends on the Raman cavity mode itself. This means that the
performance of a Raman laser is usually sensitive to variations in the strength of
the thermal lens. An increase in the Raman cavity mode can help to reduce the
strength of the thermal lens, but at the cost of higher threshold for SRS. Materials
with elevated thermal conductivity and low thermo-optic coefficient can minimize
thermal lensing, but only few Raman crystals can exhibit such thermo-optical
properties. The thermal conductivity can be increased via cryogenic cooling, as
long as the temperature is not too low with respect to the Debye temperature [19].
However cryogenic cooling is not a practical solution for a compact laser system.
This is why there is an increasing interest in the afore-mentioned diamond, as
its thermal conductivity (~2000 W/m.K at room temperature) is more than 600
times greater than common Raman crystals, such as KGW and BaWO,.

In conclusion, thermal lensing leads to beam aberration which affects the

beam quality of the laser system. However the degradation in the beam quality
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of the Raman laser is actually reduced by the “Raman beam cleanup” effect [48].

2.5.5 Phase-matching and Raman beam cleanup

Stimulated Raman scattering is usually assumed to be a phase-matchless process,
but according to Murray et al. this is a misconception [48]. SRS is a four-wave

mixing process w, + wg = w, + wg, where the pump field with amplitude A, (k, z):
Ak, 2) = Ay(2)e** (2.58)
interacts with a Stokes wave with amplitude Ag(k, z):
Ag(k, 2) = Ag(2)e™ (2.59)

According to Maxwell’s equations, the polarization amplitude of the Stokes field,
Aps(z), is equal to:
Aps(2) = X§¢ 145(2) As (2) (2.60)

where the relative phase fields of the pump and the Stokes fields results to be
cancelled. However this phase-cancellation is only outward. The pump field
can be split into two plane wave components, A, (k, z) and A, (k, 2), each one
corresponding to a spectral distribution. Thus the amplitude of the pump field

can be rewritten as follows [48]:
Ak, z) = Ap(k,2)0(k — kp ) + Apa(k, 2)0(k — kpa) (2.61)

where ¢ is a “Dirac measure”. The pump field interacts with the Stokes field,

whose amplitude can be written in a similar way [48]:
Ag(k, z) = Agi(k, 2)6(k — ks1) (2.62)

By substituting (2.61) and (2.62) in Equation (2.60), the polarization amplitude
of the Stokes field results to be [48]:

Aps(2) = X§ [([4n[*As1 + | Apl Asy) €12
+Ap1A;2A516i(kp1—kpz+ks1)z + Ap2A;1A51€i(k”2_k”1+k51)z} (2.63)

Equation (2.63) contains 4 terms: the first two represent the standard “phase-
matchless” SRS interaction, whereas the other two are phase-matched 4-wave

mixing components deriving from the interaction of the two spectral components
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of the pump with the Stokes field. The phase-matchless terms are called the
“primary Stokes components”, while the other ones are “secondary Stokes com-
ponents”. The propagation direction of the secondary Stokes components is set
by the phase-matching condition and is not collinear with the pump components.

The existence of these noncollinear Stokes components leads to “Raman beam
cleanup”, which means that the aberration in the fundamental beam, which can
be caused by Raman conversion itself, is not transferred to the generated Raman
beam [48]. In other words, in intracavity Raman lasers the beam quality of the
Raman laser is usually better than the fundamental. The primary Stokes com-
ponents do not contribute to Raman beam cleanup as they tend to replicate the
pump field distribution. On the other hand, the secondary Stokes photons fill the
voids in the pump field, and hence washes out the aberration of the pump beam
from the generated Stokes beam [48]. As a result, Raman lasers are efficient and

attractive brightness converters.

2.6 Conclusion

In this chapter an overview of the nonlinear optical effects utilized in modern
laser technology was reported. Nonlinear phenomena are caused by the interac-
tion between a nonlinear medium and an intense optical field. As a result, the
induced polarization in the medium grows nonlinearly with respect to the input
field. This nonlinear response generates new frequencies and influences the re-
fractive index of the material. Second-order nonlinearities require phase-matching
between the incident and the nonlinear waves to be efficient. Frequency doubling
and sum frequency generation are widely employed nonlinear optical techniques
for the upconversion, usually to the visible, of solid-state and semiconductor
lasers. Parametric interactions allow efficient laser emission in the mid- and far-
infrared.

Stimulated Raman scattering (SRS) is a nonlinear process which can provide
downconversion (Stokes shift) and upconversion (anti-Stokes shift) of the funda-
mental beam. Being a third-order nonlinear interaction, SRS requires high pump
fields to occur (~MW /cm?). Using a pump source with low-moderate output
power, SRS can be induced by resonating the Raman field in an external cavity
or in the same cavity of the pump system. Most continuous-wave Raman lasers
are intracavity-pumped in order to minimize the Raman laser threshold. SRS is
an inelastic process, therefore Raman lasers are prone to thermal aberration and

thermal lensing, but “Raman beam cleanup” compensates such thermal effects.
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Consequently, Raman lasers are efficient and attractive brightness converters.

In the next chapters, the design and characterization of crystalline Raman
lasers intracavity-pumped by semiconductor disk lasers are described. The key
advantage of using SDLs to pump Raman lasers is the broad wavelength tunability
of such semiconductor devices. The Raman shift of a crystal is a fixed parameter,
therefore a tunable pump source has the merit of extending the spectral coverage
of a Raman laser. For most of the experiments shown in the next chapters, the
Raman lasers were pumped by an InGaAs QWs SDL emitting at around ~1060
nm. Chapter 3 introduces the first tunable SDL-pumped Raman laser ever re-
ported, using the common Raman crystal KGW. In Chapter 4 the demonstration
of an efficient SDL-pumped diamond Raman laser is described. Chapter 5 shows
tunable visible emission of a frequency-doubled diamond Raman laser. In Chap-
ter 6, the preliminary results on Raman conversion of a red-emitting SDL, based
on GalnP QWs, are reported.
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Chapter 3

KGW Raman laser pumped by an
InGaAs SDL

The spectral range between 1.1-1.5 ym is an important target for many laser ap-
plications, such as LIDAR (Light Detection and Ranging, [1]) and spectroscopy.
Moreover, with the integration of second harmonic generation (SHG) or sum
frequency generation (SFG), visible laser light from green to red, which finds
application in medicine and laser projection display, is accessible. SDL emission
from 1.1-1.5 pm can be achieved by using highly-strained InGaAs QWs structures
(1.1 pm) [2], GaInNAs QWs (1.1-1.3 pm) [3], InAs quantum dots (1-1.2 pm) [4],
and InP QWs gain structure wafer-fused with DBR (1.2-1.5 pm) [5]. Each of
those approaches has pros and cons, as shown in Section 1.8.

In this thesis a different approach will be shown. Currently, the most ef-
ficient and powerful SDL gain structures are based on InGaAs quantum wells
emitting at around 1 um [6,7]. InGaAs SDLs are developed to the point that
they have already become commercially available. With their high intracavity
fields, InGaAs-based SDLs have been successfully employed for intracavity non-
linear conversion processes, such as second harmonic generation (SHG, >60 W
at 532 nm [8]) and optical parametric oscillators (OPO, 2 W at 3.5 ym [9]). In
this thesis it will be shown that laser emission between 1.1-1.3 um can be also
achieved via intracavity Raman conversion of an InGaAs-based SDL. Two Raman
crystals were tested: KGd(WOy,)s (KGW) for wavelength emission at ~1140 nm,
and diamond for laser operation at ~1230 nm. In the next pages characterization
of the InGaAs-based SDL will be reported. Then we will focus on the physical
properties of the KGW crystal and the SDL-pumped KGW Raman laser design.
After this preamble, the experimental results (power transfer, tuning curve, beam
quality, polarization) will be shown. The SDL-pumped diamond Raman laser will
be described in Chapter 4.
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3.1 InGaAs SDL

The SDL wafer used for this research was grown by Samsung Advanced Institute
of Technology. The gain structure was grown on a GaAs substrate via metal-
organic chemical-vapour-deposition (MOCVD) and designed to operate at 1.06
pm. The DBR consisted of 35 pairs of AlAs/Aly2GagsAs A/4 layers. The active
region contained fifteen 7-nm-thick compressively strained IngsGagraAs QWs
with GaAsggPg1 strain-compensating layers and GaAs pump-absorbing barrier
layers. The QWs were placed at the antinodes of the optical field for resonant
periodic gain (RPG). On the top of the structure an Aly3Gag7As window layer
and a GaAs capping layer were deposited. A schematic of the SDL gain structure
is shown in Figure 3.1.

The SDL gain chips used for the experiments of this thesis were ~4x4 mm?
cleaved from the semiconductor wafer. For effective thermal management the
SDL chip was bonded via liquid capillarity [10] to an uncoated plane parallel,
500-pum-thick, diamond disk used as intracavity heatspreader. The bonded gain
structure was then clamped in a water-cooled brass mount (water temperature
of 7 °C) with 100-pm-thick indium foil at the interfaces to improve the thermal

contact between the heatsink and the gain chip.

Capping _
layer { GaAs
Window - Aly sGa, ,As
layer GaAs
GaAs < 14
GaAs, oPy 4
Active
region 7 _GaAs
GaAs
GaAs oPy
GaAs
AlAs
AlAs
Substrate - GaAs

Figure 3.1: Layer structure of the InGaAs-based SDL gain chip.
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The InGaAs SDL chip was optically-pumped by a commercial 30-W 808 nm
fibre-coupled diode laser (100 pm core diameter, 0.22 NA). A good beam overlap
between the pump and cavity mode at the SDL chip is crucial for low-threshold
and high-power operation with good beam quality [11,12]. In fact, when the
cavity mode is smaller than the pump mode, the lasing threshold is low, the out-
put power is high, but higher transverse modes oscillate resulting in poor beam
quality. On the other hand, when the cavity mode is bigger than the pump mode
TEMg operation is promoted, however the laser absorption in the unpumped
region leads to increased threshold pump power and low laser efficiency. Accord-
ing to ref. [12], the best compromise for high-power operation with good beam
quality should be obtained when the cavity mode is slightly larger (~1.1 fold)
than the pump mode.

As the threshold pump power is proportional to the pumped area [13], for low-
threshold SDL operation the pump beam has to be focused to few tens pym radius.
Therefore the laser beam exiting the fibre was focused to the SDL gain chip by a
collimator and a focusing lens. The pump beam spot size was measured using the
knife-edge technique [14], which records the optical power of a laser beam while
a razor passes through the beam. After having plotted the power as a function of
the razor shift, the intensity distribution of the laser beam is calculated from the
derivative. The spot size of a laser beam is estimated from the intensity beam
profile, however there are various definitions of beam width in the literature [15].
For the calculations here reported, the beam spot size is defined as the distance
between the two points in the intensity distribution that are 1/e? ~ 0.135 times
the maximum value. It has to be noted that the pump beam from the fibre was
highly multimode and not purely gaussian, so its intensity profile may show fea-
tures which can make difficult the derivation of the beam size via knife-edge. On
the other hand the power of the pump beam was too high for a camera-based
beam profiler. An example of calculation of the beam spot size is shown in Fig-
ure 3.2. To find the focus of the pump beam, this measurement was repeated at
different distances from the focusing lens (6.5 mm focal length). Figure 3.3 shows
that the focus was at 6.55 mm from the lens, and the beam waist spot size was
measured to be 90 um diameter. The angle of divergence of the pump beam is
sizeable; however, given the short length of the active region (~2 pm), the pump
beam size along the SDL gain structure is almost constant.

Before building the Raman resonator, the laser performance of the InGaAs
SDL was tested in a 3-mirror cavity as in Figure 3.4. The incidence angle of the

diode laser pump beam on the SDL chip had to be as small as possible to reduce
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Figure 3.2: Plots for the calculation of the beam spot size using the knife-edge
technique.
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Figure 3.3: Beam profile of the pump laser after the focusing lens.
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Figure 3.4: Schematic of the 3-mirror cavity for the InGaAs SDL characterization.

the ellipticity of the spot in the gain region. The pump beam was set at ~35 de-
grees normal to the SDL composite. However, according to Snell’s law (see Figure
3.5), the high refractive index contrast between air and diamond (ngigmona = 2.4),
and diamond and the GaAs capping layer (ngaas = 3.3), reduced the incidence

angle to ~10 degrees with respect to the normal of the SDL chip. Moreover, as
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Figure 3.5: Illustration of light refraction and reflection at the interface between
two materials with different refractive index.

a consequence of the insertion of an uncoated, plane-parallel diamond, an etalon
effect [16] is induced and, according to Fresnel equations [17], the 19.75% of the

pump power is reflected at the heatspreader interfaces.

3.1.1 The Etalon effect

An etalon, also known as “Fabry-Perot interferometer” or “Fabry-Perot etalon”,
is a mode-selective element which is commonly employed for single-longitudinal-
mode oscillation. The etalon effect in the diamond heatspreader is due to mul-
tiple reflections of light between the two surfaces. Constructive interference oc-
curs when the transmitted rays are in phase, and this corresponds to a high-
transmission peak of the etalon. On the contrary, when the transmitted beams
are not in phase, the transmission is minimum as destructive interference occurs.

The condition for constructive interference is given by the following equation [17]:
A = 2ndcos(6;) = mA (3.1)

where A is the optical path length, n the refractive index of the etalon, d the
etalon thickness, #; the incidence angle of the beam and A the laser wavelength.

The transmission function of an etalon for different wavelengths is given by [17]:

1

1+ Fsin®(2) (32

T
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where F' is the “finesse” and

A
0= 27TX (3.3)
is the phase difference between succeeding reflections.
Figure 3.6 shows that the transmission function of a high-finesse etalon is
characterized by sharper peaks and lower transmission minima than a low-finesse
one. The peak separation, also known as the “free spectral range” (FSR), can be

calculated as follows [16]:

c c
Avpsp = m = (3.4)

or in terms of wavelength: )

Apgn % (3.5)
Therefore the free spectral range due to an intracavity 500-pm-thick diamond
heatspreader is Avpsr = 125 GHz, corresponding to AApsg ~ 0.47 nm for laser
operation at 1060 nm.

For wavelength selection and tuning, a birefringent filter (BRF) can be in-
serted inside the cavity. The etalon induced by the heatspreader leads to non-
continuous tuning because the laser jumps from one etalon mode to the next. To
enable continuous tuning a wedged (2 degrees) diamond with antireflection (AR)
coated surfaces can be used [11,18]. Figure 3.7, from ref. [18], shows the emission
spectrum of an InGaAs SDL with a 250-um-thick plane-plane heatspreader (a),
and with a wedged and AR-coated heatspreader (b). Despite the spectral mod-

ulation is generally undesirable, the use of an uncoated, plane-parallel diamond
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Figure 3.6: a) Gain modulation for different values of finesse; b) Finesse as a
function of reflectivity (in logarithmic scale).
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Figure 3.7: Free-running spectrum of an InGaAs SDL with (a) a plane-plane
heatspreader and (b) wedged and AR-coated heatspreader [18].

offers some advantage over a wedged one. For example, when an intracavity bire-
fringent filter is inserted, narrow spectral emission can be achieved more easily,
as the filter has only to suppress the etalon modes at the sides of the desired
wavelength. Moreover, the effective gain of an SDL chip is enhanced as the res-
onance between the DBR and the front surface of the heatspreader builds-up
the optical field within the active region [18,19]. When the diamond is wedged
this field build-up does not take place, hence the SDL gain is lower and the best
output coupler is smaller [18]. Figure 3.8, from ref. [19], shows that the gain en-
hancement in an SDL chip with a plane-plane heatspreader occurs over a broad

spectral range.

3.1.2 InGaAs SDL: cavity design

The cavity was designed in such a way to have a stable configuration for TEMg,
mode operation. The position of the optical elements was chosen with the help

of Winlase, a modelling software which is able to calculate the stability of a

1 0045 [ Chip+ plane-plane heatspreader
Chip + AR wedged heatspreader
1.004 - — Bare chip

Gain

1000 1020 1040 1080 1080 1100
Wavelength (nm)

Figure 3.8: Calculated gain for a bare SDL chip (dark blue), a chip bonded to a
plane parallel heatspreader (red) and a chip bonded to a wedged and AR-coated
heatspreader (light blue) [19].
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cavity [20] and the fundamental beam size of the ray in the resonator. Winlase
represents every optical element of the cavity with an ABCD matrix [16,20]. Thus
the software multiplies the matrices of each element in the order encountered by
the intracavity beam, and then calculates the round-trip matrix.

For efficient laser operation with good beam quality, the cavity mode at the
SDL chip was set to match the pump focus (~45 pm radius). The 3-mirror
SDL cavity contained a highly reflective (R~99.98% at 1030-1080 nm) curved
mirror (M1 in Figure 3.4) with radius of curvature of 100 mm and a flat output
coupler (M2). To limit the cavity astigmatism [17], which may affect the resonator
stability, the folding angle had to be very small (<5 degrees). A Winlase plot of
the 3-mirror SDL cavity is shown in Figure 3.9. It is important to notice that the
curved mirror is treated by the software as a biconvex lens with a focal length

equal to half of the radius of curvature.
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Figure 3.9: Winlase plots of the 3-mirror InGaAs SDL resonator. Top: cavity
stability vs. M1-M2 distance. Bottom: beam radius along sagittal and tangential
planes for different positions in the cavity
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3.1.3 InGaAs SDL: experimental results

Several output couplers were tested: 1%, 2%, 3%, 4.5% and 7%. For each output
coupler the power transfer from the diode laser to the SDL output were measured
and reported in Figure 3.10. Note that the absorbed input power refers to the
diode laser power after measured pump reflection losses at the surface of the
uncoated diamond heatspreader. As shown in Figure 3.10, the best performance
was observed with a 7% output coupler (OC): maximum output power of 5.1
W, slope efficiency of 32.1% and conversion efficiency of 26.7%. In a previous
work with the same SDL gain structure the best output coupling resulted to be
9% [11], however higher output coupling was not available for this experiment.
The laser threshold was reached at ~1 W of absorbed diode pump power.

As the output power is moderately low, Raman conversion in SDLs results
to be achievable only through intracavity pumping. From Figure 3.10, for pump
power >15 W and 1% output coupling, the output power is >2 W, corresponding
to an intracavity power >200 W. For efficient intracavity Raman conversion the
use of HR mirrors is recommended as the intracavity power is maximized.

From the power transfer characteristics we can estimate the round-trip losses

of the SDL cavity. There are two approaches to estimate the internal losses of
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Figure 3.10: InGaAs SDL power transfer using different output couplers.
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a laser resonator: Findlay-Clay analysis [21] and Caird plot [22]. The former is
performed by measuring the laser threshold with different output coupling, the
latter is based on the plot of the slope efficiency as a function of the output
coupling. Since the laser was optimized for high-power operation rather than
low threshold, a Caird plot was considered more appropriate than a Findlay-Clay
analysis for this work. Although the SDL does not behave as a 4-level laser in
some regards, the Caird plot should be suitable for an estimation of the round-
trip losses of an SDL. The slope efficiency of an SDL decreases by increasing the
pump power as the temperature in the SDL gain region raises, leading to increased
carrier leakage out of the quantum wells and higher nonradiative recombination
rate, and hence higher loss [12]. For this reason the slope efficiency and the
threshold of an SDL depends on the pump power utilized for the alignment and
the optimization of the laser.

The Caird plot is based on the assumption that the slope efficiency in a solid-

state laser depends on the quantum defect n, = -2 the cavity loss (L), the
laser

total output coupling (C'), the pump absorption efficiency (7,) and the internal

efficiency (n;,;) as follows:

C
Neff = TpTgMint <C——|—L) (3-6)

Inverting (3.6), a linear relationship between (7.77)~* and C~! is obtained:

1 1 L
=— (1 + —) (3.7)
Neff Mo C
where
Mo = NpTgMNint (38)
Equation (3.7) can be rewritten as a straight line function such as Y = A+ BX
where: | | | /
Y=— X=_- A= B="=AL (3.9)
Neff C Mo Mo

Therefore the cavity loss (L) is determined from the linear trendline of (1erf) ™
vs. C71 as:

L=B/A (3.10)

Note that the Caird analysis show some limitations; for example it does not take
account of the gain saturation and pump-dependent effects. Besides the internal

losses can be separated from the cavity loss only when the total loss is reasonably

87



Chapter 3 - InGaAs SDL

small. In any case, a reliable estimation of the cavity losses should be possible
here as the losses are expected to be low and the slope efficiency was measured
for not too high output coupling, before the rollover point. From Figure 3.10 the
slope efficiencies for different output couplers were determined, then the round-

trip loss was estimated to be ~1.1% via Caird plot (see Figure 3.11).

6.0
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Figure 3.11: Cavity loss measurement of the InGaAs-based SDL from Caird plot.

The beam quality was measured using a Coherent BeamMaster knife-edge
based beam profiler. This devices calculates the intensity profile, and hence the
beam size, of a laser beam via knife-edge technique using 7 razors. The parameter
which determines the beam quality is called the beam propagation factor, or M?,
and is defined as the ratio of the beam divergence of the laser to the beam
divergence of a TEM, Gaussian beam [16]. The beam propagation factor is
equal to 1 when the laser output is a diffraction-limited Gaussian beam, whereas
multimode lasers have M? > 1. In practice, the beam divergence is determined
by calculating the beam dimensions of the laser output past a focusing lens.
Considering a laser beam propagating along a z-axis, the function which describes
the beam size (w) along z is [15,16]:

/\2

w?(z) = wi + M* (2 — 20)? (3.11)

2,42
=Wy
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where wq is the beam waist size, M* the square of the beam propagation factor
(M?), X the laser wavelength, and z, the beam waist position.

The beam divergence of a diffraction-limited Gaussian beam () is equal to [16]:
0y = — (3.12)

whereas for a multimode laser beam:

6 = atan ( w(z) ) (3.13)

|z — 2]

The beam propagation factor (M?) of a laser beam is defined as:

M? = 0 (3.14)
Og

The beam propagation factor has been measured in a 3-mirror all high-reflector
cavity (R > 99.98 %), given that Raman conversion requires high intracavity
field and hence HR mirrors. Actually the use of HR mirrors may facilitate the
oscillation of higher transverse modes, with consequent poor beam quality. The
beam quality was calculated along the horizontal (x) and the vertical (y) axes
with respect to the direction of propagation. In mode-matched regime (pump
mode equal to cavity mode) the beam propagation factors along the horizontal
and the vertical axes resulted to be 1.45 and 1.55, respectively (see Figure 3.12).
By changing the distance between M1 and M2 (see Figure 3.4), the beam quality
and the output power were measured for different cavity to pump mode ratios.
As observed in ref. [12], the beam propagation factors are minimized when the
cavity to pump mode ratio is = 1, whereas the output power increases when the

cavity mode is smaller than the pump mode. Thus, as shown in Figure 3.13, the
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Figure 3.12: M? measurement of the SDL output beam along a) horizontal and
b) vertical directions.
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Figure 3.13: a) M? measurement as a function of the cavity to pump mode ratio;
b) Laser brightness as a function of the cavity to pump mode ratio using HR
Mirrors.

highest brightness is achieved in mode-matched regime.

An important feature of SDLs is their tunability. As shown in Section 1.7,
tuning in SDLs is most commonly achieved via the rotation of an intracavity BRF
inserted at Brewster’s angle. The tuning range and the transmission linewidth
depend on the gain bandwidth and the BRF thickness. The thicker the BRF, the
narrower the tuning range and the transmission linewidth. Typically the BRF
thickness is chosen to ensure broad tunability and narrow transmission linewidth.

To measure the tuning range of the InGaAs SDL a 1-mm-thick BRF was used.
With 1% output coupling and 5.3 W pump power, the SDL was tuned from 1030
to 1082 nm (see Figure 3.14), but the linewidth emission was >1 nm (i.e. >8.9
cm™') FWHM, resulting in multi etalon peak emission similar to Figure 3.7 (a).
Using a 4-mm-thick BRF the SDL tuning range was reduced to ~1040-1070 nm,
but single etalon peak emission with narrow linewidth (<0.5 nm FWHM) was

observed.

3.2 KGW crystal

For the first demonstration of a Raman laser intracavity-pumped within a SDL
cavity, a KGd(WOy,),; (KGW) Raman crystal was used. KGW is a monoclinic
crystal which has been already employed in several Raman lasers, both doped
[23,24] and undoped [25]. Though several papers on its physical properties have
been published [26-32], there is still some uncertainty on the actual value of
important parameters, such as refractive indices, Raman gain and thermo-optic
coefficient. KGW is characterized by relatively high Raman gain (~6 cm/GW),
acceptable thermal conductivity (~3 W/m-K) and high optical damage threshold
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Figure 3.14: InGaAs SDL tuning for 5.3 W of pump power, using a 1-mm-thick
BRF, 1% output coupling.

(~10 GW/cm?). Depending on the crystal orientation with respect to the pump
polarization, KGW exhibits two main Stokes shifts, 767 and 901 cm~!, but SRS
can be also observed at different lines, as shown in Figure 3.15 from ref. [26].

In this work a 30-mm-long Np-cut KGW crystal from EKSMA Optics was
used. The crystal length was chosen to minimize the loss (which increases expo-
nentially with the crystal length) and, at the same time, maximize the gain (~
grl). The details of this calculation are shown in Appendix A. Both end faces
were antireflection coated for 1030-1190 nm (R<0.2%). With a pump wavelength
of 1060 nm the KGW crystal can generate Raman light at 1154 nm (767 cm™!
Stokes shift) and at 1172 nm (901 cm™* Stokes shift), therefore, in principle, both
Stokes shifts can be exploited with such coatings. However, given the available
laser cavity mirrors, only the 767 cm™! Stokes shift for wavelength emission at

1130-1155 nm was investigated.

Stokes shift IR Avg Ky, n g—g;
(em™1) (em/GW)  (em™) | (Wm™'K™!) (at 1.06 pgm) (107> K1)
67 ~4-8 6.7 2.6 [100] n,=2 15 (E[p)
901 ~337 57 | 38[010  1n,=2.014 -1.0 (E|m)
3.4[001]  1n,=2.049 -16 (E|lg)

Table 3.1: Selected optical and thermal parameters for KGW crystal [26-32].
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Figure 3.15: Polarized spontaneous Raman spectrum in KGW crystal [26].

3.3 Raman gain measurement

3.3.1 Theory

Raman gain is the optical gain arising from stimulated Raman scattering (SRS).
It is a distinguishing feature of Raman media which depends on the material prop-
erties and the wavelength shift between the pump and the Raman signal [33]. The
great interest in Raman lasers has encouraged the development of experimental
techniques to measure the Raman gain of many materials. In other works the Ra-
man gain of KGW for 767 cm™! Stokes shift was measured to be 6 cm/GW [26],
~8 cm/GW [29], 4.4 cm/GW [34] and 5.7+0.5 cm/GW [35].

Raman gain of a certain material can be experimentally measured in different
ways. The most common technique is spontaneous Raman spectroscopy, as used
in ref. [26,28,29]. Another approach consists in measuring the Raman threshold
in a laser cavity, however this approach suffers one disadvantage: the Raman
threshold depends on parameters such as intracavity losses and beam spot size in
the Raman medium which may be complicated to measure correctly, especially in
an SDL. The third option is to perform a pump-probe measurement in a Raman
amplifier, as shown in ref. [33,36]. This technique consists in the amplification of
a probe (Raman) signal co-propagating with a pump beam via stimulated Raman

scattering (see Figure 3.16). Here the experimental setup used for measuring the
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Figure 3.16: Illustration of the Raman amplification. The collinear pump and
probe (Raman) beams are focused into the Raman medium generating an ampli-
fied Raman signal.

KGW Raman gain for the 767 cm~! Stokes shift was based on the pump-probe
technique.

Assuming steady-state regime (pump pulse duration much longer than vi-
bration dephasing time) and negligible pump depletion, the Raman gain can be
defined as follows:

I, = Ie'rort (3.15)

where I is the output intensity of the Stokes beam, I the input (probe) intensity
of the Stokes beam, I, the pump intensity, L the Raman crystal length and gr
the Raman gain coefficient. For relatively small values of I,, the exponential
term of (3.15) can be linearized. Assuming that pump and Stokes intensities are
separable functions of space (in transversal dimension) and time, and integrating
Equation (3.15) over space and time, the Raman gain can be determined using
this equation [33]:

B.=Eo+ -2 pon (3.16)

Acprters

where E; and FEyj are the output and the input Stokes pulse energies, respectively,
Ep is the pump pulse energy, A.s the effective area and t.; the effective pulse
width. If the pulse width and the beam spot sizes in the sample of pump and probe

are known, the Raman gain can be experimentally measured as follows [36, 37]:

2

. Es _ESO ' ((.UI% +W§) \/tlz)—‘—tg . (71')1.5 (3 17)

IR = TELE, L
where wp and wg are pump and Stokes beams dimensions in the KGW, respec-

tively, and ¢p and tg are pump and Stokes pulses widths, respectively.

3.3.2 Experimental setup and results

The apparatus used for Raman gain measurement is displayed in Figure 3.17.

The pump laser is a Q-switched Nd:YAG laser (3 Hz repetition rate), whose out-
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Figure 3.17: Schematic of the experimental setup used for Raman gain measure-
ment.

put beam is split off by a 50/50 beam splitter. The setup essentially consists of
two sections: the pump arm and the probe arm. In order to avoid the damage of
the samples, the pump beam was attenuated by a half-wave plate and a polariser
in both arms. The probe arm contained a 35-mm-long KGW crystal, oriented
to give access to the 767 cm™! Stokes shift, whereas the sample arm contained
a 30-mm-long KGW crystal with the same orientation. The glass plate (GP)
reflected part of the probe signal, which was monitored by a silicon photodi-
ode (D1). The probe also generated amplified spontaneous emission (ASE) light
which was suppressed by an aperture. The dichroic mirror (DM) was coated for
high transmittance at 1064 nm (pump signal) and high reflectivity for A>1130
nm (probe signal). Pump and probe beams are focused on KGW by a lens with
a focal length of 50 cm. The amplified Stokes signal generated by the sample was
detected by a second photodetector (D2). To avoid saturation in the detection
system, an attenuation filter (T~50%) was inserted in front of D2. Both pho-
todetectors were connected to an oscilloscope.

The beam size in the sample was measured by a CCD camera before insert-
ing the sample. The pump and the probe beams radius along the sample were
measured to be ~650 ym and ~110 pm, respectively. Using an oscilloscope the
pulse width for both pump and probe beams was measured to be ~20 ns. The

Stokes relative gain (G)) was measured from the signal amplitudes in D1 and D2
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using the following equation:

(A2/A1)

C= /A,

1 (3.18)
where A; and A, are the signal amplitudes detected by D1 and D2, respectively,
and (As/A;)o is the signal ratio when the pump beam is blocked. The Stokes
amplification was measured at different pump energies within the linear regime
(see Figure 3.18). In this way the gain slope, which corresponds to the term
(Es — Es0)/(EsE,) of Equation (3.17), was derived by calculating the slope of
Figure 3.18. With a gain slope of ~0.89 J7!, the KGW Raman gain coefficient
for 767 cm™! Stokes shift was calculated to be ~7 cm/GW. This value is actually
larger than most previous estimations, but still within the range reported in Table
3.1.
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0.25 Residual Sum  6.35154E-4
of Squares
Pearson's r 0.99866
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Figure 3.18: Dependence of Stokes energy gain on pump energy. The red line

represents the best linear fit. From the slope of the linear fit, the gain slope and
then the Raman gain were calculated.

95



Chapter 3 - SDL-pumped Raman laser design

3.4 SDL-pumped Raman laser design

The first SDL-pumped KGW Raman laser consisted of a 3-mirror Raman res-
onator intracavity-pumped within an all high-reflector, 4-mirror, SDL cavity, as
shown in Figure 3.19. Each curved mirror had a radius of curvature (ROC) of 100
mm and was highly reflective (R~99.98%) at SDL wavelengths (1030-1070 nm).
The 30-mm-long KGW crystal was oriented to give a Stokes shift of 767 cm™1.
As stated in Section 3.1, the SDL gain structure was bonded to a plane-parallel,
500-pm-thick, diamond heatspreader, and then clamped in a water-cooled brass
mount (water temperature of 7 °C) with a 100-pm-thick indium foil at the inter-
faces. The high-reflectivity DBR stopband of the InGaAs SDL was not spectrally
broad enough to reflect the Stokes shifted light, therefore a planar dichroic mir-
ror with high transmission at SDL wavelengths (R<1%, 1030-1070 nm) and high
reflectivity for the Raman laser (R>99.98%, >1130 nm) was required. Wave-
length selection and tuning of the SDL, and consequently of the Raman laser,
were performed using a 4-mm-thick BRF at Brewster’s angle. The use of this
BRF allowed narrow emission linewidth and polarization control of the SDL.

In order to easily reach the Raman threshold, the power density in the Raman
medium should be maximized, and hence the average beam size of the fundamen-
tal has to be minimized. Given a Raman medium of length [ and refractive index
n, the minimum average beam size w,;, can be calculated as follows (see Ap-
pendix A):

I\y

o (3.19)
— SDLgain  ,________ Ramamiaser |
structure Dichroic
mirror M2

|
|
BRF |
|

Figure 3.19: Schematic illustration of the 3-mirror KGW Raman laser intracavity-
pumped within the 4-mirror InGaAs-based SDL resonator.
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where Ay is the wavelength of the fundamental. With [ = 30 mm, n = 2 and Ay
= 1060 nm, the minimum average beam size results to be 54 pum radius.

The SDL-pumped Raman laser resonator was modelled using the WINLASE
software. The cavity arm lengths were: SDL-M1 50 mm; M1-M2 550 mm; M2-
KGW 46 mm; KGW-M3 93 mm; DM-M2 310 mm. The resonator was designed
to produce a 50 pm waist radius at the SDL chip and a 31 pum waist radius
in the middle of the Raman medium. The corresponding average beam size of
the SDL within the KGW crystal is ~56 pum, which is close to the minimum
value calculated according to Equation (3.19). However with this configuration
the minimum waist radius for the Raman laser along the KGW crystal was ~40
pm. For tighter focusing the distance between the dichroic mirror and M2 should
have been increased, but the presence of the birefringent filter and the bulky brass
mount for the SDL gain structure did not offer further space in this configuration.

To produce a smaller beam waist in the KGW, the cavity had to be modified as
in Figure 3.20. The dichroic mirror was slightly tilted (~2 degrees angle) to steer
the Raman laser intracavity beam to an output coupler (OC). In this way the
Raman laser can be optimized by shifting the output coupler at different distances
from the dichroic mirror without affecting the SDL. Moreover, the output coupler
does not resonate the SDL laser beam, hence it does not require specific coatings
at 1.06 pm.

Pump YiDL
g HS

-
I
I
I
H I
I
&
- 1
I
I
I
I
I
I
I
I
I
I

BRF
M1

Raman laser,

Figure 3.20: Schematic of the 4-mirror KGW Raman laser intracavity-pumped
by the InGaAs SDL: HS, diamond heatspreader; M1-M3, high reflectors; BRF,
birefringent filter; DM, dichroic mirror; OC, output coupler.

3.5 Experimental results

After having built the resonator, a full characterization of the SDL-pumped KGW
Raman laser was performed. For most of the experiments here described, the Ra-

man laser was aligned for the highest output power rather than low threshold.
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Power transfer, tuning range, beam quality and polarization measurement are re-
ported. The experiment was first performed with a 3-mirror Raman cavity using
the setup shown in Figure 3.19, then better results were obtained with a 4-mirror
Raman cavity like in Figure 3.20.

The results shown in Sections 3.5.1 and 3.5.3 were obtained without tem-
perature control of the KGW crystal. However, given that SRS is an inelastic
process, during Raman conversion a certain amount of heat is released in the
Raman medium. As explained in ref. [25,31], the temperature increase in the
Raman medium leads to reduction of the Raman gain, therefore in Section 3.5.4
laser characterization with cooling of the Raman medium will be shown.

Lastly, Raman conversion in free-running configuration (i.e. without intracav-
ity BRF) was investigated. Though removing the BRF lowers the cavity losses
leading to an increase of the intracavity power, Raman conversion was actually

hindered by the broad emission (linewidth >5 nm FWHM) of the SDL.

3.5.1 3-mirror Raman cavity

First attempts to generate Raman light were performed in an all high-reflector
(HR, R~99.98% at 1030-1155 nm) resonator, in order to reach the Raman thresh-
old more easily. The laser was aligned to maximize the SDL intracavity power and
then the Raman output power. The SDL intracavity power was monitored from
the power leakage through M1, whereas the emission spectrum and the Raman
laser output power were measured from the output of M2 and M3, respectively
(see Figure 3.19). As the SDL and the Raman output beam were collinear, for a
correct measurement of the Raman laser output power, a filter with high trans-
mission at Raman wavelengths and high reflectivity at SDL wavelengths had to
be used.

Using HR mirrors a maximum output power of 90 mW at 1154.4 nm was ob-
served. It is important to note that the HR mirrors show increasing transmission
for A >1150 nm, therefore they actually act as small output couplers at longer
wavelengths (see Figure 3.21). In Figure 3.22 the power transfer of both SDL and
Raman laser are displayed. As reported by Spence et al. in [38], the intracavity
power of the pump laser “clamps” when Raman threshold is achieved. The Ra-
man laser power transfer does not show the usual straight line but two separated
regions. This trend can be explained by a “mode jump” of the SDL due to the
thermal shift of the QW peak emission [39,40]. A similar effect was reported
by Stothard et al. in their demonstration of an SDL-pumped OPO [41]. The
beam quality resulted to be very poor: M? =5.7 and M? =8.1. Thermal

horizontal — vertical
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Figure 3.21: Reflectivity curve of the HR mirrors (sent from LaserOptik).
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Figure 3.22: SDL intracavity power and Raman laser output power transfer char-
acteristics using HR mirrors. The SDL and the Raman laser were operating at
1060.5 and 1154.4 nm, respectively.
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aberration and the low output coupling may be the reason for such a poor beam
quality.

The tuning curve shows a Vernier-like effect [42], with peaks separation of 4-5
nm (see Figure 3.23). The cause of this noncontinuous tuning was birefringent

filtering, notable in subsequent experiments and discussed in Section 3.5.2.
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Figure 3.23: Tuning curve of the SDL-pumped KGW Raman laser with HR
mirrors for an absorbed pump power of 12 W.

With the optimization of the resonator, the optical spectrum analyser revealed
laser emission at wavelengths longer than the first Stokes (see Figure 3.24). This
third peak corresponds to an 84 cm™! Stokes shift of the Raman laser (see Fig-
ure 3.15 [26]), therefore it was cascaded Raman laser. Before this work, cw
cascaded Raman laser emission from a crystalline Raman medium was only re-
ported once [43]. No 84 cm ™! Stokes shift of the fundamental was generated as it
was filtered out by the BRF. The cascaded Raman laser emitted at 1150.5, 1155
and 1159.3 nm (i.e. 9 nm non-continuous tuning range) in correspondence to the
first Stokes lines at 1139.5, 1144 and 1148.5 nm.

For higher power emission an output coupler was needed. In cw Raman lasers
the best output coupling is usually close to 1% in order to minimize the losses
and achieve Raman threshold more easily [38]. In 3-mirror Raman cavity config-
uration a 0.5+0.2% OC at 1130-1160 nm with high reflectivity (R>99.95%) at
1040-1070 nm was utilized. This mirror can act as ~0.5% OC if placed as an end
mirror (M3) or ~1% OC as a folding mirror (M2, see Figure 3.19).

Figure 3.25a shows the power transfer characteristic of the KGW Raman laser
with 0.5 and 1% output coupling. With 0.5% output coupling a maximum output
power of 370 mW at 1141 nm was achieved. The Raman threshold was reached
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Figure 3.24: Emission spectrum of the laser with cascaded Raman conversion.

450

400 2 * . a0 b) "

350 -| m 05%0C *
s 1% 0C =
300 | 300 4

250
200 - u 200
150

100 100 4

Raman laser output power / mW
3
L |
Raman laser output power f mW

b-
e
L
e
»
— .
-
- ——™"
-— .
[ ]
—
R
"
"
e
—

04 [ ——| — | ] =N .

T T T T
10 11 12 1130 1135 1140 1145 1150 1155 1160

@
~
o
w

Absorbed pump power /W Wavelength / nm

Figure 3.25: a) Power transfer of the KGW Raman laser with 0.5% and 1%
output coupling in 3-mirror Raman cavity configuration; b) tuning curve using
1% output coupling.
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for an absorbed diode pump power of 6.5 W (SDL intracavity power ~90+11
W), but just above the threshold the Raman laser output signal became unstable
and very noisy. This instability close to the Raman threshold was observed in all
experiments with KGW and was likely due to the interaction of higher transverse
modes gradually reaching the threshold. In the stable range the slope efficiency
was measured to be 6.5%. The Raman laser was tuned from 1133 to 1160 nm,
corresponding to the SDL wavelength range from 1042.5 to 1060.5 nm, with ev-
ident birefringent filtering. Thermal rollover of both the SDL and Raman laser
fields occurred for absorbed diode laser pump powers >11 W.

With 1% output coupling the maximum output power was 410 mW at 1150.6
nm. Raman light was generated for absorbed diode pump power >7.7 W (SDL
intracavity power 105+ 13W) and the slope efficiency was measured to be 11.6%.
With the rotation of the birefringent filter, the Raman laser was tuned from 1135-
1159 nm (see Figure 3.25b). It appears that by changing the output coupling the
maximum output power was achieved at different wavelengths. This discrepancy
was likely due to the coatings applied on the OC, the HR mirrors and the end
faces of the KGW crystal being strongly wavelength dependent.

3.5.2 Analysis of birefringent filtering

While measuring the power transfer characteristics, the polarizations of the SDL
and the Raman laser were measured. The polarization of a laser beam indicates
the direction of the electric field with respect to the propagation direction. The

polarization of a laser beam can be measured using a polariser (see Figure 3.26).

Transmitted light
polarization
«— >

1=1,cos(0)

Polariser

Axisof the 3
polariser -

>

lg . C’e
Incident light
polarization

Figure 3.26: Light transmission through a linear polariser.
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According to Malus law [17], the intensity of the transmitted light that passes

through a linear polariser is given by:
It = Iycos*(0) (3.20)

where I is the transmitted intensity, Iy the initial intensity and 6 is the angle
between the beam polarization and the polariser axis. The actual transmission
of a polariser is <100%, hence in practice I is always lower than I;. Besides,
real polarisers are not perfect blockers of the polarization orthogonal to their po-
larization axis, so their extinction ratio (i.e. minimum to maximum transmitted
power ratio) is not zero, but ranges from 1:500 (Polaroid) to 1:10% (Glen-Taylor
prism polariser).

Here a cube polariser with broadband optical coating was used. To find the
angles for maximum and minimum transmission, the cube polariser was mounted
onto a rotating holder. The transmitted laser power was measured by an opti-
cal spectrum analyser. The polarization measurement consisted in plotting the
transmitted power as a function of the angle of rotation of the cube polariser.
As shown in Figure 3.27, the angles for maximum and minimum transmission
for SDL and Raman were different. The SDL output beam was horizontally po-
larized because of the BRF, whereas the polarization of the Raman laser, which
did not have such a constraint, was tilted ~15 degrees with respect to the SDL
polarization. This may indicate that the Raman gain for the 767 cm~! Stokes
shift was higher at this angle and therefore the Ng axis was misaligned with re-
spect to the SDL pump polarization. Alas, the mounting arrangements precluded

rotation of the KGW and hence a detailed investigation of this effect. However
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Figure 3.27: Normalized transmitted intensity of SDL (left) and Raman (right)
laser as a function of the angle of rotation of the polariser. The red lines shows
the theoretical trend (~ cos?). The discrepancy between the experimental data
and the theoretical plot (more evident for the Raman laser) is likely due to the
broadband coatings on the polariser surfaces.
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this measurement may explain the noncontinuous tuning described in the previ-
ous pages. The combined effects of the etalon induced by the heatspreader and
birefringent filtering [44] that would result from misalignment between the SDL
polarization and the Ng axis of the KGW could lead to loss modulation in the
SDL, and consequently in the Raman laser.

The filtering effect of a birefringent crystal can be analysed through Jones cal-
culus [45]. Following the analysis of Kemp at al. [44], the round-trip Jones matrix
is calculated by imposing two conditions. First, the round trip phase change must
be a multiple of 27, and second, the polarization cannot alter after a round trip.

These two conditions are then implemented in the following eigenequation:
M X =aX (3.21)

where M,; is the round-trip Jones matrix, X is the polarization vector and « is
a positive real number. For a zero-loss cavity, « is equal to 1 on a round trip,
whereas with an intracavity Brewster element o < 1 and the round-trip loss (L)
is [44]:

L\ An,0) =1 —a(), An, ) (3.22)

where An=Ng-Nm is the birefringence and @ is the angle between the polarization
vector and the crystallographic axis, Ng, of the Raman medium. The round-
trip Jones matrix is calculated by multiplying the Jones matrices of the cavity

elements in the order met by the intracavity ray:
M,; = BR(—0)C(\, An)C(\, An)R(0)B (3.23)

where B, R and C are the Jones matrices for a Brewster element (such as a
BRF), for a rotation, and for a birefringent crystal, respectively. An illustration
of the loss modulation induced by misalignment between the pump polarization
and the optical axis Ng is shown in Figure 3.28.

The loss modulation in the KGW was calculated using Mathcad. As already
mentioned, there are different values for the refractive indices of KGW in the lit-
erature, and hence the birefringence (An) is quite uncertain. For the calculations
here reported, the refractive indices of Table 3.1, taken from ref. [27], were con-
sidered. The loss modulation at different polarization angles with respect to the
Ng axis was first calculated (see Figure 3.29). The modulation appears as soon
as the angle is non-zero, but the higher the angle the steeper the loss minima.
The minima separation is fixed by An, and here resulted to be 0.526 nm.

Combining the etalon due to the diamond heatspreader (FSR~0.47 nm) and
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Figure 3.28: Birefringent filtering due to misalignment between the pump po-
larization vector (X) and the optical axis Ng. For each wavelength, loss can be
calculated from equation 3.22, whereas the free spectral range depends on the
material birefringence An=Ng-Nm.
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the modulation due to a polarization angle of 15 degrees, as supposed from the
plot of Figure 3.27, it was found that the loss minima at the fundamental coincide
roughly every 3.7 nm (see Figure 3.30). The Stokes shift of 767 cm™! enlarges
the loss minima separation at 1.14 pym up to 4.4 nm, which is quite in accordance
with the peak separation of the tuning curves here reported. More details about
the calculation for loss modulation are shown in Appendix B.

This analysis suggests that a rotation of 15 degrees to align the Ng axis to
the SDL polarization should lead to more continuous tuning and perhaps higher
output power, as the losses would be minimized. Unfortunately the mount used
for the KGW did not allow the rotation of the Raman medium. The use of a

rotation stage for the KGW was not easily implemented in this setup as it would
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Figure 3.29: Loss modulation vs. wavelength for different polarization angles
with respect to the Ng axis.
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Figure 3.30: Blue dashed line: loss modulation for a polarization angle of 15
degrees. Red line: etalon modulation induced by the heatspreader.

have blocked the beam between the two folding mirrors, unless the folding angle
was increased, but in this case astigmatism would have affected the stability of
the laser system. One idea is to make a mount with a rotated slot for the Raman
crystal, as the one used for the diamond Raman laser of Chapter 4. However we
did not have time to make a new mount for KGW as we decided to move on to

diamond.

3.5.3 4-mirror Raman cavity

For a good SDL-Raman beam overlap within the KGW crystal, the Raman res-
onator required the use of an additional mirror, as shown in Figure 3.20. Thus,
the dichroic mirror was tilted ~2 degrees in order to steer the Raman intracavity
beam toward a mirror external to the SDL. The longer the Raman cavity length,
the tighter the Raman beam waist in the middle of the KGW crystal. In this way,
the Raman resonator can be optimized without affecting the fundamental. How-
ever the tilted dichroic mirror increased, although only slightly, the intracavity
losses leading to a leakage of ~10-20 mW from the SDL. With reference to Figure
3.20, the cavity arm lengths were: SDIL-M1 50 mm; M1-M2 550 mm; M2-KGW
46 mm; KGW-M3 93 mm; DM-M2 305 mm; DM-OC 175 mm. Both the SDL
and the Raman resonator were aligned to produce a ~31 pum waist radius in the
KGW crystal.

To obtain the highest output power, the Raman laser was tested at three
different output couplings: 0.5%, 0.8% and 1%. For 0.5% and 0.8% output cou-
pling, a flat output coupler was placed out of the SDL resonator (OC in Figure
3.20), whereas for 1% output coupling, the 0.5% output coupler was inserted as
a folding mirror (M2 in Figure 3.20) and a flat high reflector was external to the
SDL.

Using the 4-mirror Raman cavity configuration, the Raman laser achieved a
maximum output power of 550 mW at 1143.5 nm with 0.8% output coupling (see
Figure 3.31a). Surprisingly, the lowest threshold was observed with 0.8% output
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Figure 3.31: a) Power transfer of the KGW Raman laser with 0.5%, 0.8% and 1%
output coupling in 4-mirror Raman cavity configuration; b) tuning curve using
0.8% output coupling.

coupling, although the fundamental intracavity power was confirmed to be al-
most constant (~90-100 W) for different output coupling. Considering the laser
was optimized for the highest output power and the small difference in output
coupling among the three configurations, the Raman threshold may be affected
by a not perfect beam overlap in the KGW between the fundamental and the Ra-
man. Lin et al. [46] noted that when the fundamental and the Raman beams are
not fully overlapped, the effective Raman gain is lower than the material Raman
gain. Figure 3.31b shows that for 0.8% output coupling the Raman laser was
tuned from 1136-1154 nm (SDL range 1045-1060 nm), with evident birefringent
filtering. The tuning range with 0.5% and 1% output coupling was approximately
the same, but the maximum output power resulted to be lower: 400 mW at 1144
nm and 450 mW at 1140.5 nm, respectively.

With 0.8% output coupling, the Raman laser power transfer showed two dis-
tinct regions. From the threshold to 8W of absorbed pump power the slope
efficiency was measured to be 26.6%, whereas at higher pump powers the slope
efficiency was only 7.4%. This sort of rollover may be due to thermal effects inside
the KGW. Despite the power generated by KGW was rather low, a strong ther-
mal lensing may still take place because of the tight focus in the Raman crystal.
The beam quality measurement reinforced the idea that SRS was causing thermal

aberration. During Raman conversion the SDL. beam propagation factors were

measured to be M7 . . =6.8 and M2, ..,=6.3. On the other hand, Raman beam
cleanup [47] led to better beam quality for the Raman laser: MZ . . =3.7 and

M2_i.cai=3.6. The thermal lens focal length (fy,) generated in a Raman medium
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can be calculated as follows [48]:
1 dn PR /\R
— = (= 2R 3.24
fn (dT) Twken, ()\f ) (3:24)

dn
where ﬁ) is the thermo-optic coefficient, Pg the time-averaged power at the

first Stokes, wg the beam size within the Raman crystal, k;, the thermal con-
ductivity, Ag the Raman wavelength and Ay the fundamental wavelength. Con-
sidering the parameters shown in Table 3.1 and an output power of 0.55 W, the
thermal lens focal length at the beam waist inside the KGW crystal is estimated
to be approximately -20 mm. Aside from thermal aberration, the poor beam qual-
ity of the SDL may also be due to slight defocussing of the pump beam during
the alignment [12]. Most likely the poor beam quality was due to a combination

of those effects.

3.5.4 Raman medium cooling

All the experimental data shown in the last two sections were obtained without
thermal management of the Raman crystal. As SRS is an inelastic process, it
releases heat in the Raman medium. Thermal lensing is the main consequence
as the refractive index is temperature dependent, but also the effective Raman
gain is affected by thermal effects. It is well know that the Raman linewidth
increases with increasing temperature [49], resulting in lower Raman gain. This
phenomena was also reported in KGW for both 767 and 901 cm™! Stokes shifts
in ref. [31]. In a previous demonstration of a cw KGW Raman laser the authors
reported that the output power was very sensitive to changes in temperature of
the water used to cool the Raman medium [25]. Here the KGW crystal mount
was water-cooled by the same cooling system of the SDL (water temperature 7
°C). To improve the thermal contact between the KGW and the crystal mount,
the side faces of the Raman medium were wrapped by indium foil. The resonator
consisted of a 4-mirror Raman cavity, intracavity-pumped within an high-finesse,
4-mirror SDL; as in Figure 3.20.

As a first attempt, the Raman beam waist in the KGW was chosen to be the
same as the SDL (31 pm radius). With 0.8% output coupling the Raman laser
achieved a maximum output power of 0.8 W at 1143 nm for an absorbed diode
laser pump power of 10.7 W, corresponding to a calculated conversion efficiency
of 7.5% (see Figure 3.32). The Raman threshold was reached for an absorbed

pump power of 5.6 W, although stable Raman conversion was only obtained for
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Figure 3.32: Raman laser (red squares) and SDL intracavity (black circles) power
transfer with 0.8% output coupling and water-cooled KGW (water temperature 7
°C). The inset shows the far-field beam profile of the Raman laser with M2~2.5,
measured using a commercial Coherent BeamMaster.

absorbed pump powers higher than 8 W. The slope efficiency in the stable range
was measured to be 22%. At the Raman threshold, the SDL intracavity power
was measured to be 90 £ 11 W; during stable operation it was about 115+14 W.

At maximum output power, the beam quality factors of the Raman laser were

measured to be M7 . =25 and M2_,,..,=2.55, whereas the beam quality fac-
tors of the SDL were MZ_ . . =4.65 and M?_; .,=4.85. Figure 3.33 displays that

with 0.8% output coupling the KGW Raman laser was tuned from 1133.5-1157
nm (SDL range 1043-1063 nm). Non-continuous tuning was again observed as
the Raman laser polarization was still tilted 15 degrees with the respect to the
horizontal polarization of the SDL.

It is evident that the cooling of the KGW crystal had the merit to improve
the performance of the Raman laser. Compared with the results shown in the
previous section, the Raman laser achieved higher optical conversion efficiency
(7.5% cooled, 5.1% uncooled), broader tuning range (24.5 nm cooled, 19 nm un-
cooled) and better beam quality factor (M? ~ 2.5 cooled, M? ~ 3.6 uncooled).
The cooling of the Raman crystal had the merit of improving the beam quality
of the SDL and the Raman laser. With better beam quality the average beam
size along the Raman medium is lower, and consequently the Raman threshold

was reduced.
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Figure 3.33: Tuning of the Raman laser with 0.8% output coupling and water-
cooled KGW (water temperature 7 °C).

Further optimization of the resonator was attempted by finding the best Ra-
man beam waist size in the KGW. This parameter can be changed by varying
the optical distance between the output coupler and the folding mirror M2: the
longer this distance the smaller the Raman beam waist size. The 31 pym waist
radius used in the previous experiment was chosen to match the SDL beam waist
in the KGW. However, given the difference in beam quality between the two
lasers, the condition for optimal beam overlap may be different from our pre-
vious assumptions. Figure 3.34 shows how the power transfer characteristics of
the Raman laser depends on the Raman waist radius. The highest output power
was obtained for a Raman beam waist radius of 31 pm: 0.8 W at 1143 nm, as
reported in Figure 3.32. With a larger beam waist (36 pum radius) the thresh-
old condition was reached at lower absorbed diode laser, with a slope efficiency
in the stable range of only 13.4% the Raman laser achieved a maximum output
power of 650 mW. The highest slope efficiency was obtained with a Raman beam
waist radius of 30 pm, but the increased threshold (absorbed diode pump power
of 7.1 W) led to a maximum output power of 670 mW. With an even smaller
Raman beam waist (28 pum radius) the threshold was significantly higher (7.6
W absorbed diode pump power), and the maximum output power was 560 mW
(slope efficiency 18.4%).

The Raman threshold and the slope efficiency of the Raman laser depend on
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Figure 3.34: Raman laser power transfer characteristics for different Raman beam
waist sizes in the KGW.

the effective Raman gain of KGW, which, in turn, is influenced by the beam over-
lap between the fundamental and the Raman laser within the Raman medium
[46]. The reduced Raman threshold for a Raman beam waist radius of 36 xm may
indicate good beam overlap between the SDL and the Raman laser. However, at
higher pump power the beam overlap may have been reduced, resulting in low
slope efficiency. A detailed analysis of the influence of beam overlap and effective
Raman gain on the threshold and the efficiency of a Raman laser is reported in

the next chapter.

3.5.5 Raman conversion in free-running configuration

Without using a BRF, the SDL free-running emission is fairly broad (over 5 nm),
as shown in Figure 3.7. The broad spectral emission of the fundamental is actu-
ally detrimental for Raman conversion as the Raman linewidth is usually small.
In the case of KGW, the Raman linewidth for the 767 cm™! Stokes shift is 6.7
em™! [29], i.e. ~0.75 nm at 1060 nm. Moreover, without an intracavity BRF
the fundamental polarization is not constrained to be horizontal. Thus the in-
tracavity power required for SRS is likely larger than in previous measurements.
To minimize the loss an all high-reflector resonator, similar to the one in Figure
3.19 but without BRF, was first built. However, although the SDL intracavity
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power was >200 W, no Raman signal was detected. This experiment demon-
strates that narrow fundamental emission and polarization control are crucial for
efficient Raman conversion. Later, two Brewster’s plates were inserted for polar-
ization control, but again no Raman conversion was observed.

However, after having removed the dichroic mirror from the cavity, the 84
cm~! Stokes shift was detected by the optical spectrum analyser. This Stokes
shift is so short that the Raman field was resonated by the DBR of the SDL. No
Raman conversion was obtained with the dichroic mirror because of its increasing
reflectivity for wavelengths >1070 nm. As no available filter was able to separate
the two signals, it was not possible to measure the Stokes output power, but given
the low output coupling this was likely just a few mW.

Figure 3.35 shows how the spectrum emission of SDL and Raman changes
with different absorbed diode pump powers. As reported in previous works, such
as [11], by increasing the pump power the SDL tends to emit at longer wave-
lengths. The Raman threshold was reached for an absorbed diode laser pump
of 7.1 W, with SDL intracavity power of about 150 W. For higher pump pow-
ers the Raman emission gets broader as more modes gradually reach the Raman
threshold. Thermal rollover was observed for absorbed pump power higher than

10.7 W. The normalized power transfer characteristic of the Raman laser shown
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Figure 3.35: Free-running spectrum emission for different absorbed diode pump
powers: a) 3.5 W; b) 7.7 W; ¢) 9 W; d) 10.7 W.
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in Figure 3.36 was estimated from the signal detected by the optical spectrum

analyser.
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Figure 3.36: Normalized power transfer characteristic of the Raman laser (84
cm ™! Stokes shift) in free-running configuration.

3.6 Data analysis

The threshold condition for an intracavity Raman resonator is given by the fol-
lowing equation [25]:
R(1 — L)exp(4grlgl.) =1 (3.25)

where R = 99.2% is the reflectivity of the output coupler, L the cavity loss at the
Raman wavelengths, gr the Raman gain material, Ir the intensity of the funda-
mental beam along the Raman medium and /. the length of the Raman crystal.
Note that the factor 4 is due to backwards stimulated Raman scattering [50].
The main source of loss for the Raman laser is the KGW crystal. With an
absorption coefficient of 0.001 cm ™! and antireflection coatings with R~0.1% per
pass (1040-1170 nm), the total loss associated to the KGW crystal is around 1%.
Assuming gg = 7 cm/GW, as measured in Section 3.3.2, the intracavity intensity
required for Raman threshold would be 0.22 MW /cm?. By cooling the KGW
crystal and with 0.8% output coupling, the Raman laser threshold was reached
for an absorbed diode pump power of 5.6 W with SDL intracavity power of 90 +
11 W. Thus experimentally the intracavity power density at the Raman threshold

113



Chapter 3 - KGW Raman lasers in literature

was actually >1 MW /em?. This discrepancy is likely due to multimode operation
and the reduction in the effective Raman gain induced by the mode-mismatch
between the SDL and the Raman laser within the Raman medium. The spatial
overlap can be determined by measuring the beam quality factors of the SDL and
the Raman laser. However, the M? measurement was only performed at the max-
imum output power, so the spatial overlap at the Raman threshold is unknown.

The maximum output power of the KGW Raman laser was measured to be
0.8 W at 1143 nm for an absorbed diode pump power of 10.7 W (7.5% optical
conversion efficiency). A detailed analysis on the performance and the efficiency
of intracavity Raman lasers, including the KGW Raman laser shown in this chap-
ter, is reported in the Chapter 4. The beam quality factors of the Raman laser
and the SDL at maximum output power were measured to be ~2.5 and ~4.75,
respectively. According to Equation (3.24), the average thermal lensing focal
length within the KGW was around -200 mm, but at the focus this was ap-
proximately -13 mm. Therefore thermal aberration was quite strong, despite the

modest output power, because of the tight focus in the Raman medium.

3.7 KGW Raman lasers in literature

KGW crystal is a common Raman medium which has been utilized in several
demonstrations of Raman lasers. It is important to notice that KGW is avail-
able in two forms: undoped, for Raman conversion only, and Nd-doped for laser
emission and Raman conversion. The first two demonstrations of cw intracavity
Raman lasers were reported almost simultaneously. Demidovich et al. reported
a NA:KGW self-Raman laser emitting 51 mW at 1181 nm [24]. The Raman
laser was built in a high finesse resonator, thus the output power for the Stokes
emission was limited, but the Raman laser threshold was reached for only 1.15
W diode laser pump power. Then Pask et al. reported a KGW Raman laser
intracavity-pumped in a Nd:YAG laser emitting up to 0.8 W at 1176 nm, with
conversion efficiency of 4% and Raman laser threshold observed for a diode laser
pump power of 4 W [25]. In the Institute of Photonics Savitski et al. built a KGW
Raman laser pumped within a Nd:YLF laser with maximum output power of 6.1
W at 1139 nm [35]. This is the highest reported output power for a cw intracavity
Raman laser, although the conversion efficiency was a modest 4%. Very recently,
Jakutis-Neto et al. reported a KGW Raman laser pumped by a Nd:YLF laser
with infrared and visible emission in the green-yellow spectral range [51]. In the

infrared the Raman laser emitted up to 0.95 W at 1163 nm in cw, with corre-
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sponding diode-to-Stokes conversion efficiency of 7.3%, and 1.56 W in quasi cw
operation (50% duty cycle), with conversion efficiency of 7.4%. Visible laser op-
eration was accomplished via sum frequency generation (fundamental + Raman
laser) and frequency-doubling of the first Stokes. In the visible the laser deliv-
ered a maximum power of 1.9 W at 552 nm (sum frequency generation), with
corresponding conversion efficiency of 14.6%, and 1.1 W at 581 nm (frequency-
doubling of the 1163 nm Raman laser), with corresponding conversion efficiency
of 7.9%.

Following the publication of the results shown in this chapter, Lin et al. demon-
strated an InGaAs-SDL-pumped KGW Raman laser with tunable lime-yellow-
orange emission [52]. As for the work of Jakutis-Neto et al., visible emission was
obtained via sum frequency generation and frequency-doubling, using a tempera-
ture tuned LBO crystal. Lin et al. reported maximum output power of 0.8 W at
560 nm (via sum frequency generation) and 0.52 W at 592.5 nm (via frequency-
doubling), with corresponding diode-to-visible conversion efficiency of 4.2% and
2.9%, respectively. Note that the efficiency of the Raman laser was hindered by
the spectral broadening occurring in the fundamental emission, and consequently
in the Raman laser.

From this brief summary it appears that the efficiency of the laser system
described in this chapter approaches the efficiencies of most cw KGW Raman
lasers shown in literature. This is an encouraging result as the efficiency of this
KGW Raman laser may be further enhanced by aligning the Ng axis of the KGW

crystal to the polarization direction of the fundamental.

3.8 Conclusion

This chapter describes the first, to our knowledge, demonstration of an SDL-
pumped Raman laser. A 30-mm-long KGW crystal was intracavity-pumped
within a high-finesse InGaAs-based SDL cavity. With 0.8% output coupling,
output power up to 0.8 W with M2~2.5 and tuning from 1133.5-1157 nm are
reported. The tuning curve showed birefringent filtering with peak separation of
4-5 nm, which apparently was due to misalignment between the horizontal po-
larization of the SDL and the Ng axis of KGW. This effect could be eliminated
in future work by implementing rotation of the KGW with respect to the SDL
polarization. The Raman threshold was reached for SDL intracavity power in the
order of 90-100 W. The best performance was obtained when the Raman medium

was water-cooled and the Raman beam waist size in the KGW was matching the
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fundamental. With small output coupling cascaded Raman conversion was also
observed.

This work shows the potential of Raman conversion as a convenient means
to extend the spectral coverage of semiconductor disk lasers. The conversion ef-
ficiency of this KGW Raman laser (7.5%) is similar to other cw Raman lasers
reported in literature [34], but it is currently lower than highly-strained InGaAs
SDLs with direct emission at 1.1 ym (>20% in ref. [2]).

In the next Chapter, an SDL-pumped diamond Raman laser will be described.
Diamond is a very promising Raman medium as it has the highest Raman gain
(>15 em/GW at 1060 nm) and thermal conductivity 2 to 3 orders of magnitude
higher than other Raman media. Therefore a diamond Raman laser should reach
threshold more easily than the KGW and be less susceptible to thermal aberra-
tion. All these features are also expected to provide higher output power and

greater diode-to-Stokes efficiency.
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Chapter 4

Diamond Raman laser intracavity
pumped by an InGaAs SDL

In the last few years diamond has become a valuable material in laser engineer-
ing. Diamond shows an unrivalled thermal conductivity (~2000 Wm~'K~!) and
a high damage threshold (>10 MW /mm?) [1], therefore it can withstand enor-
mous laser power densities with minimal thermal lensing. Besides it is spectrally
transparent from 226 nm (ultraviolet) to 2.5 um (infrared) [2, 3], hence it can
be employed in several laser applications. However, for several years the use of
diamond in lasers was hindered by the limited availability of adequately-sized
single-crystal diamond plates with low absorption and low birefringence. Nat-
ural diamond was not a good option due to its high cost, limited availability
and inconsistency in quality. On the other hand synthetic diamond crystals are
cheaper, with reproducible physical properties, and available in relatively large
size (up to few cm?). Synthetic diamond can be produced in two different ways:
high pressure high temperature (HPHT) processes and chemical vapour deposi-
tion (CVD). Diamond crystals produced via HPHT processes are typically yellow
because of nitrogen impurities [4], but with the addition of boron or via irra-
diation other colours can be obtained [5]. HPHT diamond is mainly employed
in industrial applications, such as cutting tools, dressing tools and wire drawing
dies, but can also find application in research as monochromator in synchrotrons
and free-electron lasers (FELs) [6]. Nonetheless, for most laser applications CVD
diamond crystals are preferable as they offer very high chemical purity [6, 7].
CVD polycrystalline diamond crystals, which are available as large plates with
diameter up to few cm, are well-suited, and already widely employed, for laser
applications in the mid-infrared. However, the grain structure of polycrystalline
diamond leads to significant scattering losses and strong birefringence for wave-
lengths shorter than a few microns, therefore for laser applications in the visible
and near-infrared the use of single-crystal diamond is usually required [3]. Until
recently, single-crystal CVD diamond was affected by high levels of strain-related

birefringence and high absorption [8] which limited the use of this material for
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laser applications. Recent advances in the growth of low-loss (<0.004 cm™ [9]),
low-birefringence (~107% [7]) single-crystal diamonds have enabled several appli-
cations in photonics, such as diamond Raman lasers and intracavity heatspreader

for disk lasers.

4.1 Synthetic single-crystal diamond for Raman

lasers

Diamond is an allotrope of carbon with a crystal structure called “diamond lat-
tice” which consists of two interpenetrating face-centered cubic (fcc) Bravais lat-
tices [10], where each carbon atom is linked to four others via covalent bonding.
Note that silicon and germanium share the same crystal structure. The unit cell
of the diamond lattice is illustrated in Figure 4.1.

In diamond, the four nearest neighbours of each atom are located at the ver-
tices of a tetrahedron. The rigidity of the tetrahedron structure and the strong
covalent bonds among the carbon atoms are the reasons for the very high hardness
of diamond. With its rigid lattice structure diamond can only be contaminated by
few chemical species, such as boron and nitrogen. Diamond is also characterized
by relatively high optical dispersion, which results in its typical “fire”. Thanks to
its remarkable mechanical and optical properties, diamond is a popular gemstone
and an important material for industries and research. In particular, the very
high Raman gain and the incomparable thermal conductivity make diamond a
very promising Raman medium (see Table 4.1 for a comparison between diamond
and KGW).

The diamond lattice is characterized by 24 vibrational degrees of freedom
which are reduced to 6 by considering symmetry degeneracy [11]. The set of vi-
brational modes includes a triply degenerate acoustic vibration mode (Fy,) and a

triply degenerate optical vibration mode (F5,). The triply degenerate optical vi-

Figure 4.1: Unit cell of the diamond lattice.
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Diamond KGW
Raman gain at 1.06 pym (cm/GW) 15 (110),(100)  ~4-8 (767 cm™)
21 (111)  ~3.3-7 (901 cm ™)

Raman shift (cm™) 1332 767, 901
Thermal conductivity (W m~ K1) ~2000 ~3
Thermo-optic coefficient (107¢ K1) 9.6 ~-10
Raman linewidth (cm™!) ~1 5.7-6.7
Refractive index at 1.06 um 2.4 2
Available length (mm) ~6 ~30

Table 4.1: Comparison of the thermal and optical properties between diamond
and KGW.

bration mode and the elevated density of scatterers promote high Raman gain in
diamond [11]. The magnitude of the Raman gain in diamond varies with pump
polarization with respect to the crystal orientation. Maximum Raman gain is
obtained for pump polarization parallel to a (111) axis [9,12]. Note that the co-
valent bonds along (111) connect the two interpenetrating fcc lattices that rigidly
vibrate against each other at the Raman frequency (see Figure 4.2). On the other
hand, unlike KGW, the magnitude of its Stokes shift is constant for any crystal
orientation.

Diamond crystals for Raman lasers require high chemical purity, low absorp-
tion loss and low birefringence. The diamond samples used in this research
were produced by Element Six Ltd, Ascot, UK. The main synthesis route for
high-quality, single-crystal diamond is the microwave plasma-enhanced chemical
vapour deposition (CVD) process. This process is illustrated in Figure 4.3 and
explained in depth in ref. [13].

The diamond synthesis occurs inside a microwave oven in a low pressure (<0.2
atm) hydrogen (H) and methane (CH,4) atmosphere. The gas mixture contains a
small amount of methane (<5%), which is the source of carbon for the diamond
crystal. Through microwave excitation the gas mixture becomes plasma, and
a large number of H atoms and hydrocarbon molecules (C,H,,) are generated.
Then the carbon atoms within the plasma slowly accumulate over the diamond
substrate, maintained at a temperature ranging from 700-1200 °C. In such an
environment the growth of the graphite form of carbon would be thermodynam-
ically favoured over the diamond; however, hydrogen radicals, which are highly
reactive, are able to etch away any graphite forming on the substrate at a much
faster rate than diamond. In this way the carbon layers will be arranged with
a diamond structure. The crystallographic orientation of the diamond tends to

follow the one of the substrate. Thus, for single-crystal diamond synthesis, the
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Figure 4.2: a) Polarization-dependent diamond Raman gain measured via pump-
probe technique for propagation along (100) (right) and (110) (left) [9]; b) Di-
amond lattice as viewed along (110) direction [12]. Continuous lines represent
covalent bonds parallel to the page, whereas dashed lines are bonds non-parallel
to the page.

Microwaves

Figure 4.3: Diamond growth via chemical vapour deposition: a) a mixture of
hydrogen and methane (<5%) at low pressure (<0.2 atm) is injected and then
excited by microwaves; b) the gas mixture forms a plasma where hydrogen radicals
etch away any graphite, favouring the diamond growth on the substrate.

125



Chapter 4 - Synthetic single-crystal diamond for Raman lasers

substrate surface on which the growth takes place has to have a single-crystal
structure.

In reality, the surface of the substrate contains defects which harm the quality
of the diamond crystals. The most common defects in synthetic CVD diamonds
are nitrogen impurities and dislocations [7]. During the growth process some car-
bon atom may be substituted by nitrogen atoms, leading to increasing absorption
from ultraviolet to infrared. The density of nitrogen impurities is typically around
100 parts per billion (ppb). In 2010, Friel et al. reported a synthetic diamond
sample with nitrogen levels of 20 ppb and absorption coefficient of ~0.001 cm ™!
at 1064 nm, which is the lowest value ever reported for diamond [3].

Dislocations lead to birefringence, which is detrimental for laser operation as
it causes depolarization loss [8]. To reduce birefringence the use of a substrate
with low defect density at the surface is essential. As dislocations tend to propa-
gate along the growth direction, the diamond plate is usually grown so that the
optical path will be perpendicular to the growth direction [7]. The birefringence
of the diamond crystal can be measured using the “Metripol” system [14]. This
is a microscopy technique which consists in measuring the transmitted light of a
laser beam passing through a birefringent material between two polarisers. The
optical anisotropy induces phase retardation ¢ in the light, given by:

[sin(0)] = M# (4.1)
where An is the material birefringence, L the sample thickness and A the wave-
length of the incident light. The phase retardation is measured by fitting the
transmitted intensity for different angles of polarization. From the phase retar-
dation the birefringence can be readily calculated using equation (4.1). Figure
4.4 displays an example of a phase retardation scan of a diamond sample grown

by Element Six [7]. This picture shows that birefringence in synthetic diamond is

1.000

ISind|

Figure 4.4: Phase retardation map of a diamond sample for transmission parallel
(left) and perpendicular(right) to the growth direction [7].
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lower on an axis normal to the growth direction. The corresponding round-trip

depolarization loss (Lg) can be estimated as follows [7]:

Ly~ %sin2 (g) (4.2)

which means that the depolarization loss is a function of the phase retardation
(~ An - L) and not only of the birefringence. Element Six can provide diamond
samples with birefringence ranging from 107% to 107°, and depolarization loss of
<0.2%.

The development of synthetic CVD diamond has now matured to the point
that relatively large (few mm?), high-optical quality single-crystals, suitable for
laser operation, are available in the market. In the last few years several diamond
Raman lasers have been demonstrated, both in pulsed and in continuous-wave
(cw) operation, as shown in Tables 4.2 and 4.3. Note that much of these works
are contemporaneous with this research.

The first demonstrations of diamond Raman lasers were performed with nat-
ural diamond [15, 16], but their performance was limited. Natural diamond is
only available as a small sample with spatially varying birefringence, leading to
low gain and high loss. In pulsed operation Demidovich et al. reported a dia-
mond Raman laser with output pulse energy limited to 450 nJ [15], whereas in
the laboratories of the Institute of Photonics, University of Strathclyde, Kemp et
al. built the first cw diamond Raman laser with few mW output power [16]. The
first experimental observation of Raman conversion in CVD diamond occurred in
2004 using a single-pass, pulsed Raman generator [17], whereas in 2008 Mildren et
al. demonstrated the first external-cavity pulsed diamond Raman laser, with laser
operation at 573 nm, slope efficiency of 22% and optical conversion efficiency of
13% [18]. In 2009 Mildren et al. utilized a low birefringence (not quantified) CVD
diamond crystal for pulsed Stokes emission of 1.2 W at 573 nm, with record con-
version efficiency of 63.5% [19]. In 2010 Sabella et al. reported a diamond Raman
laser with average output power of 2 W at 1240 nm, record slope efficiency of 84%
(very close to the quantum limit of 85.8%) and conversion efficiency of 61% [12].
Record average output power of 24.5 W at 1193 nm was obtained by Feve et al. in
a diamond Raman laser pumped by a Q-switched cryogenic (T<90 K) Yb:YAG
laser [20]. In cw operation the efficiency is limited by the greater sensitivity to
loss and thermal effects; in fact, the optical conversion efficiency of most cw crys-
talline Raman lasers range from 10-20%. In 2011 Lubeigt et al. demonstrated a

cw diamond Raman laser intracavity-pumped within a Nd:YVO, laser with max-

127



Chapter 4 - Synthetic single-crystal diamond for Raman lasers

PULSED DIAMOND LASERS

Year Setup Wavelength Power/Energy Efficiency Ref.
2005 External cavity 450 nJ [15]
2008 External cavity 573 nm 0.3 mJ 13% [18]
2009 External cavity 573 nm 1.2 W 63.5%  [19]
2010 Intracavity 1240 nm 375 mW 4% [23]
2010 External cavity =~ 1240 nm 2W 61% [12]
2011 External cavity 1193 nm 24.5 W 13% [20]
2011 External cavity 1485 nm! 1.63 W 51% [24]
2011 External cavity 276 nm? 0.96 mJ 10.3% 25]

Table 4.2: Pulsed diamond Raman lasers systems reported in literature. * second

Stokes. 2 4th harmonic of Nd:YVO, + SRS.

CW DIAMOND LASERS

Year Setup Wavelength  Power Efficiency Ref.
2009 Intracavity 1240 nm  ~ mW [16]
2010  Intracavity 1240 nm 0.2 W 2% 26]
2011  Intracavity 1240 nm 1.6 W 11% 21]
2012 Intracavity 1217 nm 51 W 3.4% 9]

2012 External cavity 1240 nm  10.1 W 31.7% [22]
Table 4.3: Continuous-wave diamond Raman lasers systems reported in literature.

imum output power of 1.6 W at 1240 nm and conversion efficiency of 11% [21].
Thermal effects in the fundamental gain medium limited the output power in
cw operation. In quasi-cw mode (50% duty cycle: 2.5 ms ON, 2.5 ms OFF) a
maximum on-time output power of 2.8 W, with conversion efficiency of 13%, was
achieved [21]. More recently, Savitski et al. reported a cw diamond Raman laser
intracavity-pumped within a Nd:YLF laser with maximum output power of 5.1
W at 1217 nm [9]. Both cw diamond Raman lasers were built within the Institute
of Photonics, University of Strathclyde. Very recently Kitzler et al. reported an
external-cavity cw diamond Raman laser emitting up to 10.1 W at 1240 nm with
record optical conversion efficiency of 31.7% and M?*=1.16 [22].

In this chapter, a diamond Raman laser intracavity-pumped in a cw InGaAs
SDL for laser operation at 1.2 pum is reported. The large Stokes shift of diamond
(1332 em™!) enables laser operation beyond the spectral limit of InGaAs SDLs
(~1180 nm). As explained in Chapter 1, SDLs with direct emission at 1.2 ym are
usually based either on InAs QDs or GaInNAs QWs, whose optical conversion
efficiencies range from 8-13% [27,28]. These SDLs can emit several Watts in cw

operation, but they require complex growth and/or fabrication. On the other
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hand, intracavity Raman conversion represents a relatively simple way to extend
the spectral coverage of a well-established device, such as an InGaAs SDL. It is
interesting to notice that the use of an SDL enables the demonstration of the first

tunable diamond Raman laser.

4.2 SDL-pumped diamond Raman laser design

The optical arrangement used for the SDL-pumped diamond Raman laser here
described is very similar to the one used for the KGW Raman laser shown in the
previous chapter (see Figure 4.5). A 4-mirror Raman resonator was intracavity-
pumped within an all-high-reflector (R>99.98%, 1000-1250 nm) 4-mirror InGaAs
SDL cavity operating at ~1060 nm. The three HR mirrors were curved mirrors
with radius of curvature of 100 mm. The cavity arm lengths were: SDL-M1, 65
mm; M1-M2, 700 mm; M2-Diamond, 54 mm; Diamond-M3, 98.5 mm; M3-DM,
405 mm; DM-OC, 105 mm. The SDL gain structure (15 InGaAs QWs, 35-pair
AlAs/AlGaAs DBR) was optically-pumped by an 808 nm fiber-coupler diode
laser (100-pum core diameter, 0.22 NA) focused to ~50 um. An uncoated, plane-
parallel, 500-pm-thick synthetic single-crystal diamond heatspreader was bonded
to the intracavity surface of the InGaAs SDL structure for effective thermal man-
agement. The bonded structure was then inserted in a water-cooled (water tem-
perature 7 °C) brass mount. A planar dichroic mirror with high transmission for
the SDL wavelength range (R<1%, 1030-1080 nm) and high reflectivity for the

Diamond

Figure 4.5: Schematic of the SDL-pumped diamond Raman laser: HS, heat-
spreader; M1-M3, high reflectors; BRF, birefringent filter; DM, dichroic mirror;
OC, output coupler; light grey ray, diode pump; dark grey ray, SDL intracavity
beam; red ray, Raman laser beam.
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Raman laser (R>99.98%, >1200 nm) was inserted (tilt angle ~2 degrees) to steer
the Raman laser intracavity beam to an output coupler (OC) external to the SDL
cavity. SDL and Raman resonators were co-aligned to produce a calculated ~20
pm TEMgy mode waist radius in the diamond crystal. This value was chosen to
minimize the average beam size within the Raman medium. Tuning of the SDL,
and consequently of the Raman laser, was achieved via rotation of a 4-mm-thick
birefringent filter inserted at Brewster’s angle within the SDL resonator. As a
consequence of the intracavity insertion of the birefringent filter, the SDL resulted
to be horizontally polarized with narrow emission linewidth (~0.2 nm).

Raman conversion was provided by a 6.5-mm-long CVD diamond crystal pro-
duced by Element Six. The sample was cut for propagation along a (110) direction
and grown along a (100) axis (see Figure 4.6a for dimensions and crystallographic
axes). Both end faces were broadband antireflection coated (R~0.15%) for 1040-
1250 nm to minimize the loss. The sample was grown specifically for low nitro-
gen content (20 ppb) and hence low absorption loss. Using laser calorimetry the
absorption coefficient of the sample was measured to be ~0.004 cm™! at 1064
nm, corresponding to a round-trip loss of 0.5% (see Appendix C). Figure 4.6b
shows that birefringence along the light propagation axis varies from 8 x 1077
to 1 x 1075, corresponding to depolarization loss from 0.01% to 1.8%. Thus the
performance of the Raman laser depends on which spot of the diamond crystal
is pumped. For this reason the mount arrangement for diamond included an x-y
stage in order to find the best spot of the crystal during the laser alignment. No
thermal management for the diamond crystal was implemented. Two different
crystal orientations were tested: (110) (Section 4.3.1) and (111) (Section 4.3.2)
axes parallel to the horizontal polarization of the SDL. As shown in Figure 4.2a,
for pump polarization parallel to a (111) direction the Raman gain is maximized

(33% higher than (110)), so higher power and lower threshold are expected.

<100> Q) b)

<111>

2mm

<110>

3mm

Figure 4.6: a) Dimensions and crystallographic axes of the diamond crystal from
Element Six; b) Birefringence map of the sample along (110) [9].
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4.3 Experimental results

The SDL-pumped diamond Raman laser was first tested for pump polarization
parallel to a (110) direction. Later, by rotating the sample by 35.3 degrees with
respect to the (110) axis, the diamond crystal was excited along a (111) direction
in order to maximize the Raman gain. Full characterization (power transfer,
tuning curve, beam quality, emission linewidth, polarization) of the Raman laser
for both orientations is reported. Section 4.4 “Power scaling” will show a different

laser design for multiwatt Raman emission at 1.2 pm.

4.3.1 Pump polarization parallel to a (110) direction

The first demonstration of Raman conversion with diamond was performed using
all HR mirrors in order to reach threshold more easily. Figure 4.7 shows the
Raman laser power transfer with this configuration. The diamond Raman laser
reached threshold for an absorbed diode pump power of 2.7 W, with SDL intra-
cavity power of ~20 W. Above the threshold the trend is not linear. This is likely
due to a shift in the emission wavelength of the SDL for increasing pump power.
The maximum output power was 80 mW at 1227 nm for an absorbed diode pump
power of 15 W.

Using a 0.9% output coupler the diamond Raman laser emitted up to 0.85 W
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Figure 4.7: Raman laser output power (black squares) and SDL intracavity power
(red circles) as a function of the absorbed pump power using HR mirrors.
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for an absorbed diode pump power of 9 W, corresponding to an optical conversion
efficiency of 9.5%. For higher absorbed diode pump power, the SDL was affected
by thermal rollover, resulting in drop of the output power of the Raman laser.
The Raman threshold was reached for an absorbed diode pump power of 4.1 W.

As explained in the previous chapter, an important factor for a Raman laser
is the mode-matching between the fundamental and the Raman beams along the
Raman medium. A detailed analysis of the Raman-fundamental beam overlap is
shown in Section 4.5. As a preliminary study the power transfer characteristic
of the diamond Raman laser was recorded for different values of Raman beam
waist size. The Raman laser focus was changed by varying the distance between
the output coupler and the dichroic mirror. In this way the diamond laser res-
onator was tweaked without affecting the SDL. Figure 4.8 shows that the lowest
threshold and the highest output power were observed for a calculated Raman
beam waist radius of 20 pm, matching the fundamental. This experiment was
performed using a 0.9% OC with Raman laser emission at 1228 nm (SDL oper-
ating at 1055.5 nm).

Following this initial cavity optimization, greater output coupling was utilized
in order to achieve higher output power. With 1.2% output coupling the diamond
Raman laser emitted up to 1.2 W at 1227 nm, with corresponding diode-to-Stokes
conversion efficiency of 13.3% (see Figure 4.9). The slope efficiency of the Raman
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Figure 4.8: SDL-pumped diamond Raman laser power transfer for different Ra-
man waist radius: 17 pm (black squares), 19 pum (red circles), 20 pum (blue
triangles) and 21 pm (purple triangles).
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Figure 4.9: Diamond Raman laser power transfer characteristic using 1.2% OC
(black squares). Also plotted is the SDL intracavity power (red circles) mea-
sured via the calibrated signal leakage through a cavity folding mirror. The inset
shows the far-field Raman laser beam profile, with M? ~1.2 measured using a
commercial beam profiler (Coherent BeamMaster).

laser before rollover was 35%. From the known reflectivity of the cavity mirrors
the SDL intracavity power was estimated by measuring the leakage signal. The
Raman laser threshold was reached when the SDL intracavity power was around
6748 W, corresponding to an average optical power density of ~2.7 MW /cm? in
the diamond. The beam propagation factors of the SDL were measured during
Raman conversion to be M7 . =1.65 and M2, ;..; = 1.55. Turning off the Ra-
man laser via slight misalignment of the dichroic mirror led to improvement in the
SDL beam quality: M2 . . = 1.5 and M2_,,.., = 1.35. This is consistent with
the losses associated with preferential Raman conversion of lower order transverse
modes resulting in the oscillation of higher order transverse modes in the SDL.
At maximum output power, the beam propagation factors of the Raman laser
were M? . = 125 and M? ;. = 1.15. Compared with the KGW Raman
laser described in the previous chapter, the beam quality of the diamond Raman
laser is clearly superior, despite tighter focusing in the Raman crystal. Given its
high thermal conductivity of diamond (>600 times greater than common Raman
media), diamond is much less susceptible to thermal aberration. According to
Equation (3.24) [29], the thermal lensing focal length was greater than 1 m (heat

load of ~0.2 W), which is at least one order of magnitude higher than the KGW
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Raman laser despite the higher output power. The SDL beam was constrained
by the Brewster surfaces of the BRF to be horizontally polarized, and therefore
parallel to a (110) axis of the diamond crystal. The diamond Raman laser, which
had no such constraints (aside from minor cavity anisotropy), was also measured
to be horizontally polarized, parallel to (110).

The laser emission linewidth was measured using an optical spectrum analyser
with 0.05 nm resolution. The typical output spectra thus observed are shown in
Figure 4.10. The BRF narrowed the SDL linewidth to ~0.25 nm full width at
half maximum (FWHM), whereas the Raman linewidth was around 0.2 nm.

Rotation of the BRF allowed the tuning of the SDL and therefore of the
Raman laser. Without Raman conversion the SDL resulted to be tunable from
~1040-1070 nm, limited by the spectral bandwidth of the 4-mm-thick BRF. For
an absorbed diode pump power of 9 W, using a 1.2% OC the Raman laser op-
erated over the range 1223-1240 nm (SDL range 1052-1064 nm), whereas with a
0.9% OC the Raman laser tuning increased to 1211-1248 nm (SDL range 1043-
1070 nm) with reduced maximum output power (see Figure 4.11). The reduced
tunability observed with increased output coupling, while expected, was limited
further at the short wavelength end of the range by the steep stopband edge of the
available mirror (see Figure 4.12). With 1.2% output coupling the diamond Ra-
man laser achieved a maximum output power of 1.2 W at 1227 nm, whereas with
0.9% output coupling Raman emission up to 0.85 W at 1227 nm was observed.

In contrast to the KGW Raman laser, which exhibited pronounced birefringent
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Figure 4.10: Typical emission spectra of the SDL and the Raman laser, taken

using an optical spectrum analyser with spectral resolution of 0.05 nm.
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filtering, the low birefringence of the diamond allowed more continuous tuning
over adjacent peaks with separation of ~0.5 nm due to the etalon effect induced
by the heatspreader.

To conclude this section, efficient Raman conversion from a 6.5-mm-long di-
amond crystal was achieved. The diamond Raman laser emitted up to 1.2 W
at 1227 nm, with good beam quality (M? ~1.2), narrow emission linewidth
(~0.2 nm), and broad tunability (1211-1248 nm for 0.9% output coupling). The
diode-to-Raman optical conversion efficiency (13.3%) approaches other cw Ra-
man lasers [21,30,31] and SDLs with direct emission at 1.2 ym [27,28]. In the
following section a (111) direction was aligned to the horizontal polarization of

the SDL, in order to exploit the maximum Raman gain of diamond.

4.3.2 Pump polarization parallel to a (111) direction

The Raman gain of diamond is maximized when the polarization of the funda-
mental is parallel to a (111) direction. The first experimental evidence of this
was reported by Sabella et al., who demonstrated that the minimum threshold in
diamond Raman lasers occurs when this condition is accomplished [12]. Recently,
Savitski et al. directly measured the Raman gain of diamond for different pump
polarization angle via pump-probe technique (see Figure 4.2 from ref. [9]): for
pump polarization parallel to (111) the Raman gain at 1060 nm was estimated
to be 2142 cm/GW, which is 33% higher than for pump polarization aligned to
a (110) axis.

The SDL polarization was constrained by the BRF, therefore to maximize the
Raman gain the Raman crystal was rotated. The use of a rotation mount for the
diamond sample was impractical as part of the intracavity laser beam would be
blocked by the mount itself. Thus the Raman medium was inserted in a mount
with an angled slot for the crystal, as shown in Figure 4.13. For fine-tuning an-
gular orientation the mount included a goniometer below the Raman crystal.

With this angular orientation the diamond Raman laser achieved a maximum
output power of 1.3 W at 1227 nm for an absorbed diode pump power of 9 W
using a 1.2% OC (see Figure 4.14). The corresponding optical conversion effi-
ciency and the slope efficiency were 14.4% and 36%, respectively. The Raman
laser threshold was reached for an absorbed diode pump power of 5.3 W, when
the SDL intracavity power was around 83+10 W. At maximum output power,
the beam quality factors of the Raman laser were MZ_. . = 1.05 and M2 ...,
= 1.15. At the same time the beam quality factors of the SDL were measured to
be M2 = 2.05 and M? = 1.8. Turning off the Raman laser via slight

horizontal vertical
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Figure 4.13: Diamond crystal mount for SRS along the (111) axis.

misalignment of the dichroic mirror led to improvement in the SDL beam quality:
M} iontal = 1.5 and MZ . = 1.4,

Comparing the results for the two orientations it appears that the threshold
and the efficiency were comparable. However, the (111) diamond Raman laser
has better Raman laser beam quality, but worse SDL beam quality. The dif-

ference in beam quality between the fundamental and the Raman laser leads to
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Figure 4.14: Power transfer characteristic of the cw diamond Raman laser (red cir-
cles) using a 1.2% OC. Also plotted is the SDL intracavity power (black squares)
measured via the calibrated signal leakage through a cavity folding mirror. The
inset shows the far-field Raman laser beam profile, with M? ~1.1, measured using
a commercial beam profiler (Coherent BeamMaster).
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mode-mismatch within the Raman crystal. This worsening in beam overlap may
have levelled the performances of the two diamond Raman lasers. Defining wy
as the average beam size of the fundamental (SDL) and wp the average beam
size of the Raman laser, the spatial overlap, otherwise called transverse efficiency

n [32], can be calculated as follows:

MENL]?
o MpART
wh \/MOR " 12m2wgpn? (4.3)
=== 4.3
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1272w2 an

where the subscripts f and R refer to the fundamental (SDL) and the Raman
laser, respectively; [ is the length of the Raman crystal, M? is the beam quality
factor, wy is the beam waist radius in the Raman medium (M times the waist
radius calculated by solving the ABCD matrix of the resonator for the TEMg,
laser mode), A is the wavelength, and n is the refractive index of the Raman
medium. According to this equation the spatial overlap for (111) and (110)
diamond Raman laser is estimated to be 64.1% and 83%, respectively. The Raman
gain of diamond is known to be 21 cm/GW along (111) and 15 cm/GW along
(110) [9]. The effective Raman gain ¢/ is defined as [33]:

gf%ff = agp (4.4)

where o < 1 is the “transverse correction factor”. Assuming o =2 7, the effective
Raman gain for (111) and (110) is estimated to be 13.5 cm/GW and 12.5 cm/GW,
respectively. As a consequence of the small difference in effective Raman gain,
the output power and the threshold for the two lasers resulted to be similar. A
more detailed analysis on how the spatial overlap influences the performance of
Raman lasers is shown in Section 4.5.

Another factor to be considered is the rotation of the Raman medium. Despite
the use of a x-y translation stage, it is unlikely to hit the same spot with both
crystal orientations. As shown in Figure 4.6, the depolarization loss across the
diamond sample varies from 0.01-1.8%. Therefore the performance of the Raman
laser is strongly influenced by the varying birefringence of the Raman crystal.

The tuning curve of the diamond Raman laser is shown in Figure 4.15. With
~1.2% output coupling the Raman laser was tuned from 1217-1244 nm (SDL
range 1047-1067 nm), with output power exceeding 1 W over a 10 nm range.

The increased transmission of the output coupler at shorter wavelengths played a

138



Chapter 4 - Experimental results

1.4
J .. e 1.2%0C

1.2 - . " m 0.9%0C
= ® aee
~ 1 ° e
E 1.0 [} | ] ..

|
5 o’ Y
o ° n me
= 0.8 n .
3 i~
2 oF
= . .
O 0.6 o N ]
@ - .'. o n
% at .o "
— 0.4 1 =y
c [ ~0.2nm ...I
© 1 Ny [ _J — -—
£ E e ',
g 0.2+ - ° om
(1'4 s
| o . ‘o
0.0 -

I ! | ! | ! | ! | ! I ! I ! |
1210 1215 1220 1225 1230 1235 1240 1245
Wavelength / nm

Figure 4.15: Tuning of the diamond Raman laser, (111) orientation, via rotation
of the intracavity BRF for an absorbed pump power of 9 W, using a 0.9% OC
(black squares), and a 1.2% OC (red circles). Inset: emission spectrum of the Ra-
man laser measured at maximum output power using an optical spectral analyser
with 0.01 nm resolution.

role in limiting the tuning range (see Figure 4.12). Using a 0.9% output coupler
tuning from 1209-1245 nm, with maximum output power of 1 W at 1229 nm, was
observed.

The laser emission linewidth was measured using an optical spectrum analyser
with 0.01 nm resolution, and a typical output spectrum thus observed is shown
in the inset of Figure 4.15. The use of the BRF narrowed the SDL linewidth
to 0.25 nm full width at half maximum (FWHM), whereas the Raman linewidth
was 0.22 nm. The Raman emission was found to be horizontally polarised as the
fundamental. This is consistent with the polarization measurement performed by
Sabella et al. [12].

With 14.4% conversion efficiency this diamond laser rivals other cw Raman
lasers and SDLs with direct emission at 1.2 pm. Korpijarvi et al. demonstrated
a GaInNAs QW SDL with output power of 5 W and ~13% conversion efficiency
with respect to the incident power [27], whereas Albrecht et al. reported an InAs
QD SDL emitting up to 3.25 W at 1250 nm and conversion efficiency of 8% [28].

Note that no wavelength-selective element was inserted in these SDLs, therefore
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their emission spectra were broad (over ~5 nm) and not tunable. However the
output power of the diamond Raman laser shown in these pages was limited by
thermal rollover in the SDL, which appeared at relatively low pump power. In
Section 4.4 power scaling of the SDL, and consequently of the Raman laser, will

be shown.

4.4 Power scaling

For multiwatt Raman emission thermal rollover in the SDL must occur at higher
absorbed diode pump power. In the diamond Raman laser shown in the previous
section the 808 nm diode laser was focused to 50 pum radius. By increasing the
pump mode size we can reduce the heat density in the SDL gain structure, and
consequently shift the rollover point to higher pump power. However it should not
be forgotten that for efficient laser operation with good beam quality the cavity
mode size at the SDL should match the pump beam size [34]. Therefore to power
scale the SDL the SDL-pumped Raman laser resonator must be re-configured.
The InGaAs SDL utilized in previous experiments was broken during mount-
ing, so it was substituted with another sample cleaved from the same wafer. The
chip was bonded to an uncoated, 500-um-thick diamond heatspreader platelet.
The bonding process was this time performed in the laboratories of Solus Tech-
nologies Ltd, which is a small company in Glasgow specialized in SDL manufactur-
ing. No details about the bonding technique were given. The SDL-heatspreader
composite was clamped in a brass mount and then returned to the Institute of

Photonics for laser tests.

4.4.1 InGaAs SDL with heatspreader bonded by Solus

Before trying Raman conversion, the new SDL gain structure sample was tested
in a 3-mirror resonator, as the one shown in Figure 3.4. The pump source uti-
lized for power scaling was a commercial 50-W 808 nm fibre-coupled diode laser
(100-pm core diameter, 0.22 NA) produced by LIMO. The pump and the cavity
mode sizes at the SDL gain structure were ~90 pm radius. Five output couplers
were utilized: 1%, 2%, 7%, 8% and 10%. The highest output power was achieved
using the 7% ou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>