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In this paper, the nonlinear absorption and optical isolation properties of graphene on a ZnSe substrate were
studied at 10.6 pm. The relationships between graphene saturable absorption parameters, the damage threshold
and number of layers were studied by experiment. The results show that single-layer graphene on a ZnSe sub-
strate has a higher damage threshold and lower nonsaturable loss coefficient than multilayer graphene and is
more suitable for high-power MOPA-CO3, laser systems. The simulation results show that 90% of the small-signal

noise light can be suppressed by 50 passes through single-layer graphene, and the ratio of the noise to the main
pulse can be reduced from 1% to 0.15%.

1. Introduction

Nanosecond-pulse CO, lasers based on Master Oscillator Power-
Amplifier (MOPA) plays an important role in extreme ultraviolet
(EUV) lithography and other areas. The common methods of noise
suppression in MOPA systems include Faraday isolation, electro-optical
isolation, saturable absorption isolation, etc. [1-3]. At 10.6 pm, the most
commonly used isolation method is the SF¢ saturable absorber. How-
ever, they do not fare well in high-repetition-rate applications due to a
fundamental limitation of the molecular kinetics, requiring a high ve-
locity gas circulation system to replace the bleached absorber [3].

As a saturable absorber, graphene has the advantages of a wide ab-
sorption spectrum and short relaxation time in the bleached state [4-6],
and graphene has been used in the high — rep — rate lasers passive mode
locking fields [7-10]. Graphene has great potential as a passive optical
isolator for high-repetition-rate applications. However, to our knowl-
edge, there are few reports on the saturable absorption characteristics at
10.6 pm and isolation ability of graphene. We first proposed the concept
of graphene as an optical isolator. In this paper, the saturable absorption
properties of graphene versus the number of layers at a wavelength of
10.6 pm were measured, and the feasibility of using graphene as an
optical isolator was studied.

The saturable absorption parameters as, ans, and I; determine the
isolation performance of a passive optical isolator. The formula used to
describe the saturable absorption of graphene is a() = as/(1 + I/I) +
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ans, where a is the initial absorption coefficient, ay; is the nonsaturable
loss coefficient due to interlayer scattering and defects in the crystal
structure [11,12], and I is the saturation parameter. In this paper, the
transmission curves of films containing 1, 4, and 8 graphene layers were
measured at 10.6 pm. In addition, the damage mechanism was clarified
by the study of transmittance and surface damage. The relationships
between saturable absorption parameters, the damage threshold and
graphene layers were established.

After obtaining the saturation parameters and damage threshold, we
simulated and evaluated the performance of graphene isolators. For
passive saturable absorption isolators, the following properties are very
important: high transmittance of the main laser pulse, low transmittance
of small-signal intensity noise, fast relaxation of the upper level and
pulse waveform evolution. Because the relaxation time of the graphene
upper level is on the order of picoseconds, this paper mainly simulated
the main pulse transmittance, small signal noise transmittance and pulse
waveform evolution characteristics of nanosecond pulses through a
multi-pass graphene optical isolator. Graphene isolators can be used in
the seed light or preamplifier stage on a CO5 laser with a MOPA system,
which is a promising isolation method.

2. Measurement method

As shown in Fig. 1(a) and Fig. 1(b), to measure the transmittance of
multilayer graphene films, an experimental platform based on an
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electro-optically cavity-dumped CO; laser was built. The repetition rate
of the laser was continuously adjustable from 100 Hz to 100 kHz. The
maximum average power at 1 kHz is approximately 0.7 W. The pulse
width was approximately 15 ns. The spatial distribution of the beam was
TEMgo mode. The graphene sample was placed on a precision
displacement platform after focusing lens. By shifting the axial position
of the test sample, the size of the beam spot and peak power density
could be adjusted conveniently. The maximum incident peak power
density after focusing was approximately 4.5 MW/cm? with a 1 mm
diameter spot. To control the incident power on the test sample, we
inserted an SFg cell at the focal point of the beam expanding system. The
power adjustment range was 0%—95% by continuously changing the
SF¢ pressure. The input and output power were measured by the power
meter, and the transmittance was calculated by T = Iin/Ioys

Graphene was prepared by the CVD method and transferred to a
ZnSe surface by the wet method. The number of transfer layers was
controlled accurately. Therefore, the relationship between the saturable
parameters and number of layers was studied. Photos of graphene and
the ZnSe substrate are shown in Fig. 1(b). The evaluation of the number
of damaged layers of graphene depends on transmission measurements
and observations of microscopic morphology.

3. Ablation threshold

We measured the transmittance of graphene films that consisted of 1,
4 and 8 layers. Fig. 2 shows the dependence of graphene transmission on
the peak power density of the incident laser. The transmission point with
a power density of 0 was from the formula T = (1-0.023)", where n is the
number of graphene layers [13]. When the incident power density on
the graphene film increased from O, the transmission gradually
increased until saturation. As the power density increased, the graphene
surface began to display luminescence, and the transmittance did not
increase significantly until the graphene surface film was ablated. After
ablation damage, the transmittance slightly increased with increasing
power density as the number of graphene layers decreased. The lumi-
nescence and ablation thresholds of films with 1, 4, 8 and 12 layers are
shown in Table.1. The luminescence and ablation threshold were
inversely proportional to the number of layers. The ablation threshold of
graphene was higher near the substrate than at the surface. The reason is
that graphene has better heat dissipation performance when it is closer
to the substrate.

The relationship between the transmittance and repetition rate of
incident laser is shown on the right side of Fig. 3. The experimental laser
used frequency modulation to adjust the power; that is, the average
power was linearly proportional to the frequency, and the single pulse
energy was constant. As shown in Fig. 3, the number of layers was 8, and
the incident peak power was approximately 900 and 1400 kW/cm?
When the incident peak power density was constant, the transmittance
was stable, and it was independent of the laser frequency and duration of
irradiation. When the peak power density of incident light was lower
than the damage threshold of graphene, the transmittance and isolation
performance of the graphene isolator had long-term stability. While, if
the graphene surface was ablated, the transmittance did not increase
further when the power density stopped increasing, this ensured the
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Fig. 2. Transmission measurements of graphene films.
Table 1

Luminescence and ablation thresholds of graphene films.

Number of layers Luminescence threshold Ablation thresholds

( kW/cm? ) ( kW/cm? )
1 4450 >4450
4 1300 1800
8 1000 1320
12 (from reference 700 1000
[117)

stability of graphene at 10.6 pm.
In addition to the transmission measurements, we also observed the
surface damage and compared the surface characteristics of graphene

Power meter

Test sample

Fig. 1a. Diagram of the experimental platform.
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Fig. 3. Stability measurements of graphene transmittance.

before and after the damage occurred. As shown in Fig. 4, the tested
graphene film had 8 layers, and there were many white lines on the
surface. See Table.2 for the corresponding numbers of the damaged

Table 2
Damage areas.

areas shown in Fig. 4. The peak power density of the first irradiation was Corresponding Peak power (first ) Peak power (secongl
1400 kW/cm?, and the damage traces are shown in area No. 2. When the numbers in Fig. 4 irradiation) (iw/em” ) irradiation) (w/em” )
same power density was used for irradiation, the traces did not change No.1 1400 1900
further (and the transmittance did not change). When the incident peak No.2 1400 1400

. . . . No.3 1400 2600
power density was increased, such as in areas No. 1, 3 and 5, the white No.4 1400 2600

marks were more obvious and the transmittance was higher. This means No.5 1400 4200

that the surface layer of graphene had been ablated and damaged, and

the damage threshold was related only to the peak power density.
According to the analysis of the above experimental results, if the . . . : : .

number of layers and incident peak power density are fixed, then the 0.98 4 oo |

transmittance of graphene is highly stable, and the damage threshold of T =exp(-0.0036+ 722

single-layer graphene is above 4 MW/cm? at 10.6 pm. 0207 ]
= "% T, =exp(-0.059+ 2L ) )

4. Saturable absorption parameters Z oonl 12T ]

To extract the saturable absorption parameters of graphene films at & 090 1 1 layer
10.6 pm, the measured transmission for films consisting of 1, 4 and 8 038 4 1 |——41layers
layers of graphene were fitted. The fitting results in the range from 0 to 0.091 — 8layers
1000 kW/cm? are shown in Fig. 5 and Table.3. AT is the difference in 0867 Ty = exp(-0.095+ 7o) 1 EXPerilrnlenwl:
transmittance between 0 and 1000 kW/cm?. 0.84 1 R . 4 l:i::s

The absorption formula of graphene was fitted: 02l . . ‘ . . +  8layers
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Fig. 5. Graphene transmittance experimental results and fitting.

Table 3
Absorption parameters of graphene films.
Layers 8 4 1
Otns (Cmfl) 0.095 0.059 0.0036
as (em™Y) 0.091 0.071 0.042
I, (kW/cm?) 285.8 259.7 169
AT (%) 6.1 5 3.1
a,
T =exp| au + ﬁ (€]
/1,

The fitting absorption parameters are shown in Table. 3.
An optical isolator must have high isolation and low insertion loss
Fig. 4. Graphene surface ablation. performance. As shown in Table. 3, increasing the number of layers




R. Zhang et al.

increased the difference of transmittance AT, but at the same time, a;
and ays were directly proportional to the number of layers. That is, the
more layers there are, the greater the nonsaturable loss coefficient and
initial absorption coefficient. With the increase in the number of layers,
the ratio of ay,s and ag also increased. The ratio ang/a; first exceeded 1
when the film contained 8 layers, and a,s/as was approximately 2 for
films that contained 12 layers [11]. The results show that the non-
saturable loss did not increase linearly, but it increased rapidly with
increasing number of layers. The values of I; were 169, 260, 286 and
333 kW/cm? for films that contained 1, 4, 8 and 12 layers, respectively.
It seems that the saturated light intensity grew more slowly in the
presence of more layers.

According to the fitting results for saturable absorption parameters
versus the number of layers, the difference in transmittance AT
increased, which was conducive to the increased isolation capacity of
the isolator but also increased the unsaturated loss and insertion loss of
the isolator. In addition, the damage threshold of single-layer graphene
was higher than that of multilayer graphene. Therefore, the multilayer
graphene isolator is suitable for low peak power, and multi-pass single-
layer graphene is needed at high power densities.

5. 10.6 pm graphene isolator

According to the above experimental analysis, the graphene film has
nonlinear absorption capacity at 10.6 pm, and the small signal absorp-
tion coefficient is related only to the number of layers. To improve the
isolation ability of the isolator, the number of layers should be increased.
However, as shown in the above analysis, the damage resistance of
multilayer films is low, and the ratio of the nonsaturable loss coefficient
is high, so multi-pass single-layer graphene is suitable for high power
densities. The single-layer film has high damage resistance and a low
ratio of nonsaturable loss coefficients; thus, it has potential to be used as
a 10.6 pm optical isolator. Fig. 6 shows two kinds of single-layer gra-
phene optical isolators. Fig. 6(a) shows a single-layer graphene array,
and Fig. 6(b) shows a multi- reflection graphene optical isolator.

We simulate and analyze the influence of the number of layers and
small-signal noise contrast on isolation performance. In this paper, the
small-signal contrast is defined as the ratio of the small-signal pulse peak
power to the main pulse peak power. The relaxation time of the gra-
phene upper energy level is on the order of picoseconds, and the ab-
sorption effect continues for the duration of the pulse, so the temporal
pulse waveform does not change significantly for the nanosecond
amplification system. We sliced an arbitrary input pulse, Ij(t), into M
small segments of duration At in the time domain. The total sampling
time 74011 = M X At, where At is the sampling interval and M is the
sampling time (integer). Each segment is treated as a square pulse. The

Input laser

Output laser
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output pulse waveform is calculated by Iy (t) = T-Iin(t). As shown in
Fig. 7, the peak power of the main pulse is 3 MW/cm? (<ablation
threshold), and the pulse width is 15 ns. The small signal pulse is 80 ns
before the main pulse, and the pulse width is half of the main pulse
width. Fig. 7 shows simulation of the pulse waveform evolution of the
incident small signal contrast of 1% after 50 passes with single-layer
graphene. After 50 passes with single-layer graphene, the small signal
contrast was 0.15%, the small signal transmission rate was approxi-
mately 10%, and the main pulse transmission rate was approximately
65%. The transmittance difference AT was approximately 55%, and the
small signal noise light was effectively suppressed.

Fig. 8 shows the variation of the transmittance with the number of
passes at 1% and 10% small signal pulse contrast. The transmittance of
the main pulse decreased slowly, while the transmittance of the small
signal contrast of 1% decreased most rapidly, which proved that the
absorption of the small signal was much higher than that of the main
pulse. Thus, when the small power signal is smaller, the suppression is
stronger.

6. Conclusions
Graphene has great potential as a saturable optical isolator. To study

the performance of graphene in a 10.6 pm optical isolator, we built an
experimental platform to measure its saturable absorption parameters.
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Fig. 7. Pulse waveform evolution of a single graphene film with 50 passes.
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Fig. 6. Transmission and reflection graphene isolators.
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The experimental results show that the saturable absorption parameters
as, ans and I are inversely proportional to the number of layers, and the
damage threshold is negatively correlated with the number of layers.
The single-layer graphene-based ZnSe substrate has excellent saturable
absorption characteristics and ablation resistance. We simulated the
relationship between the transmission and pulse waveform evolution
characteristics and the number of passes through single-layer graphene.
The simulation results show that small signal noise light can be effec-
tively suppressed by passing multiple times through single-layer
graphene.
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