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Abstract: We report a versatile way of controlling the unsaturated
loss, modulation depth and saturation fluence of graphene-based saturable
absorbers (GSAs), by changing the thickness of a spacer between a single
layer graphene (SLG) and a high-reflection mirror. This allows us to
modulate the electric field intensity enhancement at the GSA from 0 up to
400%, due to the interference of incident and reflected light at the mirror.
The unsaturated loss of the SLG-mirror-assembly can be reduce.to

We use this to mode-lock a vertical-external-cavity surface-emitting laser
(VECSEL) from 935 to 981 nm. This approach can be applied to integrate
SLG into various optical components, such as output coupler mirrors,
dispersive mirrors or dielectric coatings on gain materials. Conversely, it
can also be used to increase the absorption (up to 10%) in various graphene
based photonics and optoelectronics devices, such as photodetectors.
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1. Introduction

Ultrafast mode-locked lasers play an increasingly important role in humerous applications,
ranging from optical communications [1] to medical diagnostics [2] and industrial material
processing [3]. In particular, ultrafast vertical-external-cavity surface-emitting lasers (VEC-
SELS), also referred to as semiconductor disk lasers (SDLs) [4] or optically pumped semicon-
ductor lasers (OPSLs) [1, 2,4], are excellent pulsed sources for various applications, such as
multi-photon microscopy [5], optical data communications [4], supercontinuum generation [6]
and ultra-compact stabilized frequency combs [2,4]. In such lasers, light propagates perpendic-
ular to the semiconductor gain layers [4]. In contrast to vertical-cavity surface-emitting lasers
(VCSELSs) [7], a VECSEL consists of an external cavity, formed by high-reflection mirrors,
and an output coupler, with typical cavity lengths of a few mm up to tens of cm [1, 2]. The
gain chip generally contains a highly reflective bottom section to reflect the laser and pump
light, an active semiconductor gain section, and an anti-reflective top layer [1,2,4]. VECSELs
combine the advantages of semiconductor lasers, such as compact footprint (do@/mio
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cavity [8]), with those of diode pumped solid-state lasers, such as low timing jitter [9], excel-
lent beam quality [10], high average [10,11] and peak power [6,12].

Currently, semiconductor saturable absorber mirrors (SESAMs) [1] are used for passive
mode-locking, since they offer advantages such as an excellent ratio of saturable to non-
saturable losses (e.g. 50:1 [13]) and a high damage thresk6l@1 J/crd) [13]. However,
SESAMSs, epitaxially grown on lattice-matched semiconductor substrates [1], only offer a lim-
ited operation bandwidth (to date, the broadest tuning range of VECSELs mode-locked with
SESAMs is 13.7 nm [14]) and have a fast recovery time ranging from several hundreds fs [15]
to tens of ps [13]. Graphene, on the other hand, is the widest bandwidth material [16—18], due
to the gapless linear dispersion of the Dirac electrons, and has ultrafast dynarh@®f§)

[19, 20]. Furthermore, large-area (compared to a typical laser spot), high quality, single layer
graphene (SLG) can be easily grown [21] and integrated in a variety of lasers [16, 22]. Due
to its low-cost fabrication and assembly [16, 23, 24], graphene based saturable absorbers have
emerged as a promising saturable absorber (SA) for ultrafast pulse generation.

The unsaturated loss (i.e. the loss of a device at low incident power) of a typical intracav-
ity transmission device based on SLG is typicall2 x2.3% (the factor 2 accounting for the
double-pass per round-trip) for the most common linear cavities [25, 26]. While this allows to
use SLG as SA (GSA) to mode-lock a variety of lasers, such as fiber [23,24], solid-state [16,26]
and waveguide [27], it poses serious limitations for VECSELs [2]. These typically require
a SA mirror with losses:3% [28] because the small-signal gain (i.e. the optical gain for a
low-intensity signal where no saturation occurs during amplification) of VECSELSs suitable for
mode-locking is~3 to 5% [28]. Thus, inserting a SLG-based device (e.g. SLG on a quartz
substrate [26]) inhibits lasing, due to the high loss induced by-#h&% absorption incurred
in the double-pass per cavity round-trip.

To realize VECSEL mode-locking with graphene it is thus crucial to reduce the losses per
cavity roundtrip to<3% (i.e.<1.5% for single pass) while maintaining high (in the range 0.5-
2% [4]) modulation depth (i.e. the maximum absorption change induced by changing the in-
tensity of the incident light) over a spectral range wide enough to have a sufficient modu-
lation for the self-starting passive mode-locking of broadband VECSELSs. Different methods
can be used to reduce the absorption in graphene: Doping [18, 29] or gating [30] can de-
crease the absorption over a broad spectral range by Pauli blocking according to [18, 26]:

he he
AAT)= e {tanh( 2 +2EF> ttanh( 225 ) | where T is the temperature abg is the

~ The ZkgT akgT
Fermi level. So, e.g., to have 1.5% absorption®60nm (the working wavelength of our
laser) one would need to stably shift the Fermi leveN®30 meV. However, it is challenging

to precisely control this high doping level. Gating usually needs extra electrical contacts and
drivers, which increase the complexity of the system.

Here, we change the absorption by controlling the electric field intensity in SLG on a high-
reflection mirror. The resulting SLG-based saturable absorber mirrors (GSAMSs) have an unsat-
urated loss adjustable from 0 up to 10% and modulation depth up to 5%. These enable us to
mode-lock a VECSEL, at the same time exploiting the broadband properties of graphene, thus
allowing the widest wavelength-tuning thus far reported in VECSELSs.

2. GSAM design and fabrication

Absorption control

The GSAM absorption is controlled as follows. The incoming and reflected waves off a mirror
form a standing wave beyond the mirror surface. The field intensity enhancért®ridt a
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distancez from the mirror can be written as [29, 31]:

_ |6in (2) + éaout(Z)|2

¢(2) ; 1)
|€in (Z)|2
whered&yyt andéi, are the reflected and incident wave electric fields
éaout/in (Z) = @@c?utjinei(wtian)a (2)

wherek, = 2rm/A is the wave number in the materialis the refractive index of the material
in which the light is propagating antl is the wavelength. Based on Eq. (1), we get the field
intensity enhanceme#tfor an anti-resonant high-reflection 100%) mirror with no additional
coating in air:

_ |€in (2) — &in (—Z)|2
|(5?n(2)|2

wheren,, is the refractive index of air. Therefore, the SLG absorption can be tuned by changing
the optical distance between SLG and the mirror surface. The SLG absofgdtieromes\ =
aéaps Wherea =~ 2.3% is the absorption of a suspended and undoped SLG [17]éand
is the field intensity enhancement at the absorber position. E.g., placing a SLG directly onto
the mirror surfaceZ= 0nm) we getésps= 0, thus expect no absorption due to destructive
interference between incoming and reflected waves. If SLG is placed 4t distance, where
there is a peak of the standing wave, we haveA /4 and&,,s= 4. Thus its absorption will
increase to 400% (i.e.»42.3%~9.2%) due to constructive interference.

For our experiment, we use Si@s a spacer between the mirror surface and the SLG. There-
fore, we consider the field intensity enhancement of an anti-resonant high-reflectiof%)
mirror with a SiG-coating of thicknesd. At the air-SiQ-interface we have [32]:

$(2)

_ngm%aﬁ_4m¥(zﬂﬁf>, (3)

A

Min = androyt = —rin, (4)

Nair + Nsio, 1+ Nsio,
whererj, andrq; are the Fresnel coefficients [32] of reflection at normal incidence at the air-
SiO; and SiQ-air interface. The corresponding Fresnel coefficients [32] for transmission at
the air-SiQ and SiGQ-air interface are:

2Ngir . 2 2n5i02 2n5i02

= = andtoy = = . 5
Nar +Nsio, 1+ Nsio, out Nar +Nsio, 1+ Nso, ®)

in

The electric field of the reflected beam consists of the superposition of the incoming tg@m &
reflected at the air-Siginterface, and the electric field of the beaﬁ@igz) transmitted in SiQ
at the same interface:

E = Tinban + toutéasc,’igza (6)
whereas the electric field of the incident beam in S#bthe interface is:
éazlsr:oz = tinéaail?r + routéasoiuot2 @)

and the electric field of the reflected beam in S#dthe interface is:
éaggz = rmirrorGZinSiozkodéoiis?oz- (8)
From Egs. (7) and (8) we get with normalization of the incoming fieﬂ;@r E1):

in _ n
@@SIOZ a 1+ routezmSiOZkod ®)
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and

_t. inSiozkod
86, = e 7 (10)
1+ I'oute2InSI02k0
Inserting Eqg. (10) in Eqg. (6) we get the electric field of the reflected beam in air:
_t..@?Nsio kod
EQM = Fin + tout— . 11
air in OUtl—i—routez'nS‘Ozkod ( )
inserting Eqgs. (4), (5) and (11) in Eq. (1) we get:
2
4n5i02 1 1- Nsio,
dsio,) = |1— 12
¢ (dsio,) (1+ngo,)? e?nsioykod | Nsio, —1 + 1+nspo, (12)
ng02+l
which gives the field intensity enhancemérat the top SLG layer of our GSAMSs:
4
and dsio, ) ~ (13)

Refractive index, | E*

1 1, COF (35, ds0,)

=3

Refractive index, | E|*

o
IS

Refractive index, | E|*
N

[=%

Refractive index, | E|*

-200 0 200
z(nm)
e I T T T T I T T T T I T T T T I T T f T I T I I“‘ l T I T I T
Calculated ® =10 RO —10

24 © Meas. with F_, setup 24 —/_’_,___’—\M
s Js & F v nosio, 48 &
é 3 .l 1 8 é 3 = w1280, | §
g1 2| 88 g3 o u8sio, |® &
= 4 2 £ 5k . @
%’2—-2 g _4@ §2 ooy ° /1/4S|02_4§
® {8 = §
E’ 1 —2 5 E 1 5

0 M R 1T BT S ST A A 0 0 ey s avatavs ik ! 0

0 150 930 940 950 960 970 980 990

50 . 100
SiO, thickness (nm)

Wavelength (nm)

Fig. 1. DBR-GSAM design Schematic zoom into the last mirror pairs with (a) no §iO

(b) A/12 (55nm) SiQ, (c) A/8 (83 nm) SiQ and (d)A/4 (165 nm) SiQ. The blue curve
represents the normalized standing electric field intensity resulting from the refractive index
profile, as a function of the vertical distance from the mirror, for the design wavelength
A=960 nm. A SLG is placed as the last layer. (e) (right axis) linear absorption and (left axis)
field intensity enhancement at the SLG location corresponding to the DBRs without SiO
(&aps=0), aA/12 layer of SIQ (é4p=0.5), aA/8 layer €aps=1.3) and aA/4 layer €aps4).

(f) (lines) calculated and (dots) experimengals and absorption of the four designs as a

function of wavelength.
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Mirror preparation

We fabricate four GSAMs with different optical distances by coating the mirror with702

SiOy, A8 SIG; andA /4 SiO,. We use anti-resonant distributed Bragg reflectors (DBRs) [31,33]
as high-reflection mirrors. These typically consist of a stack of multiple layers with alternating
high and low refractive index [31, 33], each with an optical thickness of a quarter of the design
wavelength. The partial reflections at the layer interfaces can interfere constructively resulting
in high reflection £100% [31,33]). Our 30-pair anti-resonant AIAs/GaAs (81.1 nm/67.85nm)
DBRs are grown on a 6Q0m thick GaAs substrate by molecular beam epitaxy (MBE, VEECO
GEN I11). They are designed to give a node of the standing wave at the surface of the top layer
(anti-resonance), with reflectivity >99.997% at 960 nm (our VECSELs wavelength). Subse-
quently, the wafer is cleaved into<Il cn? pieces and then coated by plasma enhanced chemi-
cal vapor deposited (Oxford Instruments PECVD 80+)Siith different thicknessdso, ): 0,
Al12,A18 andA/4, i.e 0, 55, 83 and 165 nm. According to Eq. (13), this gives a field intensity
enhancemenrd,psof 0, 0.5, 1.3 and 4 respectively. The layer thickness of the &@easured

on reference Si samples with an ellipsometer. Figures 1(a)-1(d) plot schematics of the DBR.

Graphene fabrication and transfer

SLG is then grown by CVD [34] by heating a &n thick Cu foil to 1000C in a quartz tube,

with 10 sccm H flow at~5x 102 Torr. The H flow is maintained for 30 min in order to reduce

the oxidized Cu surface [21,34] and to increase the graphene grain size [21,34]. The precursor
gas, a H:CH, mixture with flow ratio 10:15, is injected at a pressure of>418-1Torr for

30 min. The carbon atoms adsorb onto the Cu surface and form SLG via grain propagation
[21,34]. A 5x5mn? SLG is transferred onto the Si@oated mirrors as follows [21, 26]:
First, a layer of poly(methyl meth-acrylate) (PMMA) is spin-coated on the samples. The Cu
foil is etched using a mixture of 3% 3®,: 35% HCI (3:1 ratio), which is further diluted in
equal volume of deionized water. The PMMA/graphene films are then rinsed in two consecutive
deionized HO baths. Next, the films are picked up on the mirror substrates and left to dry under
ambient conditions. Finally, the PMMA is dissolved in acetone, leaving the SLG films on the
mirrors.

3. GSAM characterization

Raman spectroscopy

The quality of graphene before and after transfer is monitored by optical microscopy, absorption
spectroscopy and Raman spectroscopy (Renishaw InVia micro-Raman spectrometer equipped
with a Leica DM LM microscope and a 100X objective) [35—-37]. The Raman spectrum before
transfer is shown in Fig. 2(a). This is measured at 457 nm excitation, since this wavelength sup-
presses the Cu luminescence, which would result in a non-flat background [26]. The spectrum
shows a very small 1(D)/I(G¥0.004, indicating negligible defects [35—-38]. The 2D peak is a
single sharp Lorentzian with full width at half maximum, FWHM(2E85 cm 1, a signature

of SLG [35]. Representative Raman spectra of the transferred graphene onitleSI0,,

Al8 Si0O,, A/12 SIG, devices are shown in Fig. 2(a). After transfer, the 2D peak is still a single
sharp Lorentzian with FWHM(2B)35cnt 1, confirming that SLG has indeed been success-
fully transferred, and 1(D)/1(G}0.005, showing that negligible additional defects are induced

by the transfer process. In order to estimate the doping level of the transferred films, an analysis
of more than 10 measurements is carried out for 514 nm excitation. We use this wavelength as
most previous literature and correlations were derived at 514 nm [39]. For the film transferred
on theA/8 Si0, sample, the average G peak position, Pos(G), and FWHM(G), are 15918 cm
and 14.6 cm'. The average Pos(2D) is 2693th and the 2D to G intensity and area ratios
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Fig. 2.Raman characterization and non-linear response(a) Raman spectra of graphene

on Cu and after transfer on the no-3i@/4 Si0,, A/8 SiOy, A/12 SiQ, devices. (b) Trans-
mittance of the same graphene transferred on a quartz substrate, derived from the transmit-
tance of transferred graphene on quartz divided by that of quartz. (c) Non-linear reflec-
tivity of the A/4 SiO, sample (black markers) and fit assuming a 5% saturable and 5.1%
non-saturable absorption (blue curve), resulting in a saturation fluence pfJ1Q%. (d)
Non-linear reflectivity of all GSAMs.

I(2D)/I(G); A(2D)/A(G), are 2.7 and 6.3. This indicates a p-dopin@.5x 10'3cm~2, corre-
sponding to a Fermi level shift300 meV [39]. Similarly, for theA/4- andA/12-mirrors we

get a p-doping-~0.8x 10'3cm~2, corresponding to a Fermi level shifd00 meV. For compari-

son, we also transferred SLG on quartz, Fig. 2(b). The bardd70um is a signature of the

van Hove singularity in the graphene density of states [40], while thoselat and 2.24m

are due to the quartz substrate [26]. The absorption at 960 nm (our operation wavelength) is
~2.3%, decreasing to 1% at 2um due to doping [18,26]. By fitting to the measured transmit-
tance I, =~ 1— A), we getEr ~350 meV, consistent with the Raman estimates. However, such
doping level is not enough to significantly affect the absorption at 960 nm, whieR.i3% as

for intrinsic SLG [17,18].

Linear absorption

The linear unsaturated absorption of our four GSAMs at 960 nm, measured with a high-
precision (0.05% resolution) reflectivity setup [41] is plotted in Fig.1(e). This also shows

the calculated absorption from Eq. (13). Our devices have A=0.25%, 1.6%, 3.2% and 10%
at 960 nm, in agreement with calculations. Figure 1(f) reports the field intensity enhancement
calculated from Eg. (13) as a function of wavelength, compared to experiments. This further
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validates the results. Note that the absorption is not flat as that of graphene on quartz, see
Fig. 2(b), becausé depends on the wavelength according to Eq. (13), as shown in Fig. 1(f).

Non-linear absorption

We also characterize the GSAMs reflectivity as a function of input light fluence fllesing

the high-precision reflectivity setup described in [41]. A Kerr-lens mode-locked Ti:Sapphire
laser (Tsunami, Spectra-Physics) is used as a probe laser, with 100 fs pulse duration at a 80 MHz
repetition rate, with~740 mW average power at 960 nm. The fluence-dependent reflectivity
measurements (non-linear reflectivity) show an increase in reflectivity with fluence as expected
from a SA, Fig. 2(d). The maximum changes in reflectivity AdL2, A/8 andA/4 devices are

0.2%, 0.9% and 2%. The measurement forAle SiO, device (i.e. the sample with=4 at the
graphene position) is shown in Fig. 2(c). For a fast SA (i.e. where the absorber recovery time is
faster than the probe pulse duration), the reflectivity can be written as [29]:

R(F) ~ _Rin—Ros atanhb [ F_ ] + Ras, (14)
Fsat Fsat

whereRj, is the unsaturated reflectivitiR,s the non-saturable reflectivitis,: the saturation

ROC 200 mm

Fig. 3.Laser setup (a) Schematic of the VECSEL setup. OC: output coupler mirror. HR:
high reflective folding mirror. GSAM: graphene saturable absorber. The VECSEL gain chip
is placed as a folding mirror and pumped under &afigle. The total cavity length is 6 cm.

(b) Picture of the laser setup. (c) Picture of thi8 GSAM. The SLG is clearly seen as
shaded area, since the 83 nm &iickness gives a a high optical contrast in the visible
range [42].

fluence. We estimate a saturation fluefigg ~100uJ/cn? (corresponding to a peak intensity
Ipeak~1.0 GWi/cn?), as extracted by fitting Eq. (14) to the data in Fig. 2(c). The estimated mod-
ulation depth is~5%, 2.7 times larger than that reported for SLG on quartz [25]. When a higher
input fluence (>12@J/cn? (4 GW/cn¥)) is used, the GSAM reflectivity starts to increase per-
manently, indicating degradation. From Eq. (14), fhg of the A/8 sample is estimated as
~200uJd/cnt, higher than the\ /4 sample, because the smaller field intensity enhancement at
the absorber makes the device saturate at a higher fluence. In this case, degradation also starts at
higher fluence (>30QJ/cn?). In SLG, the non-equilibrium (non-thermal) distribution of elec-
trons in conduction band and holes in valence band created by an ultrafast pulse relaxes, even-
tually reaching thermal equilibrium with the lattice, due to various processes [19,20], including
carrier-carrier and carrier-phonon scattering, as well as radiative electron-hole recombination
(non-linear photoluminescence [16, 43, 44]). In the sub-ps time-frame two main processes oc-
cur: first, the initial peak produced by the pump laser broadens, due to carrier-carrier collisions,
converging towards a hot Fermi-Dirac shape on an ultrashort time sé8i@fs [19, 20]. On
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a longer timescale, optical phonon emission [45] drives a cooling in which the Fermi Dirac
distribution shifts towards the Dirac point [19, 20, 46].
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Fig. 4. Mode-locking results (a) (Blue line) second harmonic autocorrelation signal and
(dashed red line) fit with the autocorrelation of an ideal 3estfaped pulse, corresponding

to a pulse duration of 466 fs. (b) Optical spectrum. (c) Microwave spectrum centered around
the repetition rate of 2.5 GHz, measured with a 1 kHz resolution bandwidth (RBW). (d)
Microwave spectrum measured from 0 to 13 GHz with RBW=300 kHz, showing the first 5
harmonic peaks of the repetition ratief).

4. Mode-locking results

For VECSEL mode-locking we select thed8 GSAM because it offers suitable linear loss
(<3%). This device also provides a larger modulation deptl®.8%) compared to tha/12
GSAM. The laser cavity configuration is sketched in Fig. 3(a), with a picture in Fig. 3(b). The
resonator mode and pump spot radius on the gain chip argrh5Mn order to achieve a suf-
ficient intensity to saturate the GSAM, we implement a beam waBdum on the absorber
using a concave folding mirror with a 20 mm radius of curvature. A picture oAfBeGSAM
is shown in Fig. 3(c).

We use three different VECSEL gain chips: Two QW VECSELs emitting-@#0 and
970 nm are grown by metal-organic vapor phase epitaxy (MOVPE, AIXTRON AIX 200/4)
as described in [47]. A QD VECSEL with an emission waveleng®b0 nm is grown by MBE
as described in [15]. Instead of 9 QD layers placed in 7 subsequent anti-nodes of the electric
field as in [47], our gain chip has 2x9 QD layers placed in the first anti-node, whereas no QDs
are placed in the®anti-node, so to balance the stronger excitation due to higher absorption of
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the pump light around the first anti-nodes. All gain structures are grown in reverse order, and
subsequently processed on a diamond heat sink grown by CVD as described in [48]. The pump
laser is coupled into a 2Q@m fiber.

Using the gain chip optimized fer950 nm, we obtain stable mode-locking with a pulse du-
ration of 466 fs, measured with an intensity autocorrelator (Femtochrome FR103XL) as shown
in Fig. 4(a). The spectrum is centerecdeé®49 nm with FWHM=2.5 nm, Fig. 4(b), as analyzed
with an optical spectrum analyzer (HP 70952). Note that the field intensity enhancement of our
A8 GSAM iséaps=1.5 at 949 nm compared to 1.3 at 960 nm, see Fig. 1(f). The pulse repetition
rate is 2.5 GHz, detected with a fast photodiode (New Focus 1434) and measured with a mi-
crowave spectrum analyzer (MSA, HP 70952), see Fig. 4(c) and 4(d), one order of magnitude
higher than previous fiber [22,24] and solid-state [22,26] lasers mode-locked by graphene, due
to the compactness of our VECSEL design. The time-bandwidth product is 0.353, 1.1 times
larger than what expected for transform-limited Seghlses, indicating that the output pulses
are slightly chirped (i.e. the instantaneous frequencies are time-dependent [32]). The average
output power is 12.5 mW, with a 0.2% output coupling (OC) transmission. Higher power up to
26 mW with 2 ps pulses is also achieved using a 0.5% OC transmission. We calculate the in-
put pulse fluence on the GSAM asl25uJ/cn?, corresponding to a reflectivity modulation of
~0.55%, according to Fig. 2(a). We did not observe any degradation of the GSAM for several
hours operation.

In order to verify the broadband operation of our GSAM, we also perform a wavelength-
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Fig. 5. Tuning results. Mode-locking with theA/8 GSAM in VECSELs optimized for
different emission wavelengths. An intra-cavity etalon is used, except for the two points
at 935 and 949 nm. (a) Pulse duration and (b) average output power at different emission
wavelengths. (¢) Emission spectra for the 970 nm-VECSEL and average output power.
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tuning study using the VECSELSs described above. We usé@Gcm cavity at 1.5 GHz, with
various OC transmission rates and gain chips to fully test our GSAMs. A Fabry-Pérot fused
silica etalon (2Qum thick) is used for wavelength tuning. In order to optimize the output power

at a given emission wavelength, the gain chip heat sink temperature is adjusted between -20 and
+20°C. Mode-locked operation is obtained in a range from 935 to 981 nm (46 nm), with pulse
durations up to 8 ps as shown in Fig. 5(d). Figures 5(a) and 5(b) show the pulse duration and
average output power for different emission wavelengths. A maximum tuning range of 21 nm
with a single VECSEL gain chip is achieved with the 970 nm QW VECSEL, Fig. 5(c). This is
larger than previously reported with any SESAM mode-locked VECSEL [14].

5. Conclusions

We demonstrated a versatile approach to engineer the absorption of graphene saturable absorber
mirrors in the 0-10% range. Accordingly, the saturation fluence can be adjusted with the field
intensity enhancement. We mode-locked VECSELs with a series of different gain chips over

a 46 nm wavelength range (from 935 to 981 nm) with repetition rates up to 2.48 GHz, and
466 fs pulse duration. This can lead to novel graphene based ultrafast light sources to meet the
wavelength range, repetition rate and pulse duration requirements for various applications (e.g.
metrology, spectroscopy and data-communication).
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