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We report a surface morphology study on single-shot submicron features fabricated on silicon on

insulator by tightly focused femtosecond laser pulses. In the regime just below single-shot ablation

threshold nano-tips are formed, whereas in the regime just above single-shot ablation threshold, a

saturation in the ablation depth is found. We attribute this saturation by secondary laser absorption

in the laser-induced plasma. In this regime, we find excellent agreement between the measured

depths and a simple numerical model. When the laser fluence is further increased, a sharp increase

in ablation depth is observed accompanied by a roughening of the ablated hole. VC 2011 American
Institute of Physics. [doi:10.1063/1.3666423]

Femtosecond laser ablation of solid materials has become

an increasingly common tool for precise machining of micron

and submicron features in both dielectrics1 and semiconduc-

tors.2,3 Silicon, as the most important element in today’s

semiconductor industry, has drawn a lot of attention from

researchers to study both the fundamental response to ultra-

short pulsed laser radiation4–7 and its potential application in

direct laser writing of photonic devices,2 laser fabrication of

nano-tips on thin silicon films,8,9 direct laser amorphization

of silicon,10,11 and microspiked or black silicon.12,13

Photonic crystal waveguide slabs are usually made out

of silicon-on-insulator (SOI) by electron-beam and x-ray li-

thography, as well as focused ion beam (FIB) milling.2 The

emergence of femtosecond laser microfabrication makes sub

diffraction-limited features directly fabricated on SOI wafer

possible. For instance, Li et al. reported the fabrication of a

photonic bandpass filter at 1550 nm by femtosecond direct

laser ablation.2 Unlike the case for bulk silicon, few studies

on ultrafast laser machining of SOI wafers have been

reported.2,10 Furthermore, most studies in silicon3,7 are done

in a relatively high fluence regime. Therefore, these studies

shed limited light on the ablation behavior around the abla-

tion threshold.

In this letter, we present a study on submicron features

fabricated on the front surface of SOI (200 nm c-Si layer on

1 lm thick SiO2 layer) by tightly focused femtosecond laser

pulses. We determine the surface morphology and ablation

depth using atomic force microscopy (AFM) in a fluence

range around the ablation threshold and identify three modi-

fication regimes. Subsequently, we model the ablation

behavior around the ablation threshold, taking into account

one-(OPA) and two-photon absorption (TPA) and secondary

absorption by the optically generated carriers. Crucially, we

also take full account of the effect of transient reflectivity

during the laser pulse itself.

An amplified Ti:Sapphire femtosecond laser (Hurricane,

Spectra Physics Inc.) operating in single-shot mode was used

to produce pulses centered around 800 nm, with an initial

pulse duration of 100 fs. These linearly polarized pulses

were focused on the c-Si layer by a NA¼ 0.8 objective lens

(Nikon CFI60, 100�). We estimate that group velocity dis-

persion and propagation time difference across the aperture

will increase the pulse duration to up to 150 fs.14 Three-axis

high-precision motorized translation stages (T-LSM025A,

Zaber Technologies Inc.) were used to find the exact focal

position of the objective and scan the sample to provide a

fresh surface for every shot. A charge coupled device (CCD)

camera (Qimaging RETIGA 1300) was utilized to allow

in-situ monitoring of the sample surface. Special care was

taken to keep the sample surface in focus during the whole

experiment, since the depth of field of the CFI60 objective is

smaller than 1 lm. The focused beam diameter is measured

to be 1.2 lm (at 1/e2 maximum intensity) by analyzing the

CCD image of the focused spot. The pulse energy was varied

in the range 0.09 J/cm2<F< 0.7 J/cm2 using a rotating k/2

plate followed by a polarizing beam splitter.

Single-shots at various laser fluences were launched on

the top c-Si layer of the SOI. Experiments were repeated 3

times to test the reproducibility and to get an estimate of ex-

perimental error. All experiments were conducted in ambient

air and at room temperature. An atomic force microscope

(Digital Instruments) operating in tapping mode was used to

measure the detailed surface morphology of the laser-

modified sample. As shown in Fig. 1, three types of surface

morphology, nano-tips (Fig. 1(a)), smooth craters (Fig. 1(b)),

and rough craters (Fig. 1(c)) can be clearly identified. In

Fig. 2, the depth of the craters, defined by the distance from

the bottom of the crater to the flat sample surface, is plotted as

a function of laser fluence. As can be seen, the crater depth

first saturates at 50 nm and then quickly increases to about

150 nm. We can identify three regimes of modification: (a)

nano-tip formation regime (0.13 J/cm2<F< 0.22 J/cm2), (b)

gentle ablation regime (0.22 J/cm2<F< 0.35 J/cm2), and (c)

heavy ablation regime (F> 0.35 J/cm2). These can be related

to the various types of surface morphology or to the crater

depths. Single-shot surface morphology modification is

observed at laser fluences above 0.13 J/cm2. In the fluence

range from 0.13 J/cm2 to 0.18 J/cm2, nano-tips are formed,

with a width of 150 nm and 20 nm in height (Fig. 1(d)). The

same experiment was performed in bulk silicon but here this
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nano-tip formation regime is missing, indicating that the par-

ticular layered arrangement of the SOI wafer is crucial for the

formation of nano-tips. In fact, in Ref. 8, Georgiev et al.
reported similar nano-tip formation in SOI fabricated by a

nano-second laser.8,9 These authors attribute the formation of

nano-tips to the predominantly lateral dissipation of heat from

the laser-heated spot. The nano-tip formation regime in our

experiment suggests that thermal effects may not be com-

pletely ignored even for a femtosecond pulse. Turning now to

the ablation regimes, the data in Fig. 2 show that in the gentle

ablation regime, the ablation depth saturates at about 50 nm,

before it steeply increases in the heavy ablation regime.

Inspection of the AFM images shows that, in the gentle abla-

tion regime, smooth craters are formed (Fig. 1(b)), whereas in

the heavy ablation regime, the craters become rough and

deformed (Fig. 1(c)). As we will show, a detailed knowledge

of laser absorption in excited silicon is crucial to understand

this saturation effect. The creation of electron-hole pairs via

absorption of ultra short pulse radiation is mainly due to OPA

and TPA.3,4,7 We show that the secondary laser absorption

due to the interaction between the incident pulses and the

dense electron-hole plasma excited via OPA and TPA must be

taken into account to explain the saturation of the ablation

depth observed in the experimental data. Inside the material,

laser intensity is described by a Lambert-Beer like law,7

@I

@x
¼ �ða0 þ aDrudeÞI � bI2; (1)

where I¼ (1 – R)I0, R the transient surface reflectivity, and I0

the incident intensity. The OPA coefficient a0¼ 1021 cm�1

(at k¼ 800 nm) is taken from Ref. 7, and the TPA coefficient

b¼ 1.85 GW/cm is taken from Bristow et al.15 The secondary

laser absorption in the excited electron-hole plasma is

described by a time and space dependent extra absorption

coefficient aDrude. By considering the creation of electron-hole

pairs via OPA and TPA and the diffusion of the created car-

riers through ambipolar diffusion, the balance equation for

carrier number density N can be written as follows:4,7

@N

@t
þr � ð�D0rNÞ ¼ a0I

�hx
þ bI2

2�hx
; (2)

where D0 is the coefficient of ambipolar diffusivity (18 cm2/s)

(Ref. 7) and �hx is the photon energy. Recombination and

impact ionization can be safely ignored since the time period

of our computation is only 600 fs. The reflectivity R as well as

the absorption aDrude in the excited plasma change during the

pulse due to the time and space dependence of the carrier

number density N.7 The complex refractive index n of the

highly excited silicon is calculated by a simple Drude model

of the dense electron-hole plasma according to the following

expression:4,7

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ec�Si �

x2
p

x2 þ ix=sd
;

s
(3)

where ec–Si is the dielectric constant of crystalline silicon, x
is the angular frequency of the incident pulse, and the damp-

ing time sd is chosen at 1.1 fs considering high carrier-carrier

collisions.4 The plasma frequency xp is calculated from the

transient carrier density as xp¼ (4pNe2/m*)1/2, where m* is

the electron effective mass taken as m*¼ 0.18 me.
4 The laser

absorption in the plasma aDrude is given by aDrude¼ 4pj/k,

where j is the imaginary part of n. The transient reflectivity

of the plasma layer excited by the incident pulse can be

calculated using the transfer matrix method.16 By extrapolat-

ing the measured crater depth to zero (Fig. 2), a single shot

ablation threshold Fav¼ 0.22 J/cm2 is deduced which is

close to the threshold value measured by other groups

(0.2 J/cm2).17,18 We propose following a simple but crucial

model to determine the ablation depth. The coupled equa-

tions (1)–(3) are solved numerically by a fully implicit finite

difference scheme, and the crater depth is modeled by calcu-

lating the region where the laser fluence is larger than the

threshold value of Fpeak¼ 0.321 J/cm2. This peak fluence is

the fluence inside the material at the center of the laser spot

(2Fav) corrected for the part of the pulse that is transiently

reflected by the excited silicon.

FIG. 1. (Color online) Typical AFM images (top row) and cross-sections

(bottom row) of single-shot submicron features on SOI wafer for (a) and (d)

nano-tip formation (fluence F� 0.13 J/cm2), (b) and (e) gentle ablation

(F� 0.3 J/cm2), and (c) and (f) heavy ablation regime (F� 0.6 J/cm2). Note

that the three AFM images have a different color scaling.

FIG. 2. The data points indicate the crater depth measured on SOI, averaged

over three experiments. The error bars indicate the standard deviation in

measured crater depth. Solid curve shows the calculated crater depth using a

136 fs pulse duration. The shaded area indicates the effect of the pulse dura-

tion on the ablation depth. Dashed curve shows the crater depth calculated

only taking OPA and TPA into account. The inset shows a magnified view

of the gentle ablation regime.
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The data points in Fig. 2 show the measured crater depth

as a function of fluence. The pulse duration was used as a fit

parameter. The best correspondence was found with a pulse

duration of 136 fs, which is consistent with our estimates.

The solid line is the result of the model calculation using that

pulse duration. To indicate the effect of the uncertainty in

the in-situ pulse duration, the shaded area indicates the result

when pulse durations between 100 fs and 172 fs are used. As

is seen in Fig. 2, agreement between calculation and mea-

surement is excellent for laser fluences below 0.35 J/cm2.

We have found the same saturation effect in bulk silicon,

indicating the saturation is not caused by the particular lay-

ered structure of the SOI wafer. In Ref. 3, AFM measure-

ments on ablation depth using pulse fluence F> 0.7 J/cm2

are carried out. The authors fit the ablation depth with a sim-

ple logarithmic function, as is appropriate when only taking

OPA and TPA into account. As is seen in Fig. 2, such a loga-

rithmic fit (dashed grey curve) leads to a rather poor corre-

spondence close to the threshold. Furthermore, this

logarithmic fit can only be obtained using an unrealistically

large TPA coefficient of b¼ 29 cm/GW. Based on this con-

sideration, we contribute the saturation in ablation depth to

the secondary laser absorption in the laser-induced plasma.

For laser fluences beyond the gentle ablation regime, our

model no longer describes the data, which suggests that the

ablation depth in the heavy ablation regime is no longer

determined by the effective optical penetration depth, but

rather by the effective energy penetration depth.3 However,

identifying the exact mechanism for the departure from the

model requires further study.

In conclusion, submicron features were directly fabri-

cated on SOI wafer by tightly focused single-shot femtosec-

ond laser pulses. In the regime below single-shot ablation

threshold, nano-tips are formed. In the regime just above

single-shot ablation threshold, we found a saturation in abla-

tion depth which can be understood by secondary laser

absorption in the laser-induced plasma. We expect that this

saturation can be used as an effective depth-stop in laser

processing. Such a depth-stop is technically very beneficial

for laser milling of structure, especially in stratified media

such as SOI. The calculated ablation depth agrees excellently

with the measured value in this regime. Beyond this regime,

the ablation depth exhibits a sharp increase, which requires

further study.
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