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many problems: First, after the necessary thermal treat-
ment in the semiconductor fabrication process (e.g., 
ohmic contact formation and deactivation), the broad-
band optical absorption capability drops off rapidly. 
Second, after various high-temperature processes, the 
optically active state of sulfur impurities in bulk silicon 
becomes inactive [17] and acts as a recombination center 
that can capture photoexcited carriers, thereby decreas-
ing the photocurrent of the device. These problems can 
greatly reduce the efficiency of optoelectronic devices 
that employ MS.

To mitigate these problems, researchers have tried to 
fabricate a similar material in vacuum [18–22]. The antire-
flection and absorption capacities of MS were then found 
to be mainly determined by the sharp conical structures 
(spikes) and doping concentration in the silicon substrate. 
Distinct from impurities doped during laser fabrication, 
infrared absorption contributed by the impurities (such 
as phosphor) in the silicon substrate is not affected by the 
high-temperature process. Additionally, for MS, incident 
light undergoes multiple reflections between spikes, which 
can then increase the infrared absorption from doped impu-
rities. Hence, taller spikes on MS surfaces are beneficial for 
improving the antireflection and optical absorption capacity 
of the MS material. Nevertheless, few studies, especially 
with quantified analyses, exist on controlling height of MS 
under vacuum conditions.

In this paper, combining the results from the analysis of 
heat transfer across a gas–solid interface, we demonstrate 
that within the same pressure range, the fast-changing heat-
transfer flux within different Knudsen-number regimes 
can induce significant changes in height. The treatment 
can yield tall conical spikes under specific vacuum condi-
tions. These results are important for extending the range of 
applications of MS in semiconductor devices.

Abstract  By experiments and theory, we investigate the 
influence of heat transfer across a gas–solid interface on the 
nodule height of microstructured silicon fabricated under 
femtosecond laser pulses. By changing the pressure of the 
vacuum system, a fast-changing spread in height is found. 
This is determined by the different heat-transfer flux across 
the gas–solid interface for different Knudsen-number 
regimes. Heat transfer affects the energy remaining in the 
bulk silicon, which determines nodule formation and cor-
responding height. The rate of change in the heat-transfer 
flux induces a negative rate of change in the nodule height. 
These results are important when optimizing the surface 
microstructure for silicon-based photoelectron devices.

A quasi-periodic array of sharp microsized conical struc-
tures forms when femtosecond laser pulses are irradiated 
on the silicon surface in an environment of sulfur-bearing 
gases [1, 2]. For this microstructured silicon (MS), the 
absorption of light can be more than 90  % over a wide 
range of wavelength from 0.25 to 16.7 μm [3–6]. For its 
unique absorption properties, this material has attracted 
much interest with respect to its underlying mechanism 
and device applications [7–16]. Meanwhile, researchers 
have found that the sulfur-containing material creates 
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We subjected silicon surfaces to a femtosecond-pulsed 
laser beam under different vacuum pressures. With our 
experimental setup (Fig.  1), laser pulses were produced 
using a Ti: sapphire regenerative amplifier, typically 
800  nm, 1  kHz, and 130  fs. The intensity of the incident 
laser beam was adjusted using a circular variable metal-
lic neutral-density filter; the pulse number was controlled 
by a beam shutter (here, the single pulse energy and the 
pulse number were set at 0.6  mJ and 500, respectively). 
The laser beam was focused with a convex lens (f = 1 m) 
and directed into the chamber through a quartz window of 
0.4 mm thickness. A silicon wafer (phosphor-doped n-type 
silicon wafer, resistivity: 0.01–0.02 Ω cm) was mounted in 
the vacuum chamber with its (100) face oriented vertically 
toward the direction of the laser beam. Using a beam split-
ter in front of the vacuum chamber, a part of the light beam 
was reflected into a CCD beam profiler, which enabled the 
laser spot on the sample surface to be monitored in real 
time (the diameter of the laser spot was about 300 μm).

In our experiments, the vacuum pressure was varied 
from 5 ×  10−2 to 3 ×  104 Pa (the vacuum system deter-
mined the pressure range). After fabrication, the surface 
morphology of the MS was evaluated using scanning 
electron microscopy (SEM); typical images are shown in 
Fig. 2.

As vacuum pressure gradually increases, the micro-
structures forming on the silicon surfaces (Fig. 2) changed 
from sharp cones to blunt nodules. The average height of 
the microstructures gradually decreases. For clarity, we 
present data of their average height under the different vac-
uum pressures (Fig. 3a). Measurements of the height were 
obtained using the SEM images and taking the distance 
from the top to the bottom of a microstructure and divid-
ing by the cosine of the viewing angle. The measuring error 
is ~1 µm. The final values given for the average height are 
averaged over five measurements taken at the same vacuum 
pressure. We see that the average height rapidly declines 
over the pressure range from 1 × 102 to 3 × 104 Pa. Con-
sidering that nodule formation is directly determined by the 

energy absorbed and retained by the bulk silicon [23, 24] 
and that the beam energy is always the same, we therefore 
hypothesize that the rapid change in height results from 
a heat transfer across the air–silicon surface and energy 
losses in the vacuum system. Hence, we first analyze the 
heat transfer across a gas–solid interface under different 
pressures.

The heat-transfer process can be divided into four dis-
tinct regimes [25, 26] that are characterized by numerical 
values assigned to the Knudsen-number Kn. This number is 
defined as the ratio of the mean free path λ of molecules to 
a characteristic length d that is usually taken to be the gas-
layer thickness, i.e.,

with

where K  =  1.380  ×  10−23  J  K−1 is Boltzmann’s con-
stant, T the effective gas temperature, P the gas pressure, 
and ϕ the average diameter of the gas molecules (for air: 
ϕ = 4.0 × 10−10 m).

The four different heat-transfer regimes are: the con-
tinuum regime (Kn  <  0.001), temperature-jump regime 
(0.001 < Kn < 0.1), transition regime (0.1 < Kn < 10), and 
free-molecule regime (Kn > 10). Here, parallel-plate geom-
etry is used to calculate the heat transfer, where the station-
ary air is contained between two silicon plates. Consider-
ing that the heat transfer in the near-field (the region within 
100 nm from a solid interface) is several orders of magni-
tude higher than that in the far-field [27, 28] and that the 
MS is a material with a high surface-to-volume ratio, the 
active region in heat transfer is near the nodules. Therefore, 
their average height for a given pressure is considered a 
characteristic length and was used in our heat-transfer cal-
culations. This assumption prescribes that the range in vac-
uum pressure in our experiments covers three heat-transfer 
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Fig. 1   Schematic of the experi-
mental setup to microstructure 
the surface of silicon wafers. 
M: mirror with a coating of 
HR@800 nm; BS: beam splitter 
with a 1:10 splitting ratio; ND 
neutral density
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regimes—free-molecule, transition, and temperature-jump, 
labeled I, II, and III, respectively, in Fig. 3a. Three different 
formulas for the heat flux are then used [25, 26]:

I.	 for the free-molecule heat-conduction regime

(1)
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where α1  =  α2  =  0.82 are the thermal accom-
modation coefficients of silicon surfaces [29], 
Cv  =  20.801  J  K−1  mol−1 is the molar heat capac-
ity of air at constant volume, R  =  8.314  J  K−1  mol−1 
is the molar gas constant of air, Mg  =  28.966  g  mol−1 
is the molecular weight of the air, T1  =  373  K and 
T2  =  298  K are the temperatures of the silicon sur-
faces for irradiated and un-irradiated area, respectively 
[T = (T1 + T2)/2 = 335.5 K].

Fig. 2   SEM images of microstructured silicon after femtosecond laser irradiation under different vacuum pressures: a 10−1, b 101, c 102, d 
2 × 103, e 3 × 103, f 4 × 103, g 5 × 103, h 104, i 2 × 104 Pa. The viewing angle is 45° from the surface normal
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II.	 for the transition regime

Here, B = 45/38 and αm can be obtained from the expres-
sion αm

2−αm
= α1−α2

α2+α1(1−α2)
.

III.	 for the temperature-jump regime:

Based on these parameters and formulas, we quantify 
the heat-transfer flux as a function of vacuum pressure (the 
calculated pressure values are in agreement with the experi-
mental data). To make the comparison more clear, the cal-
culated results are normalized and plotted in Fig. 3b with 
different symbols and colors according to the regime.

The heat-transfer flux is seen to change slowly when the 
pressure is low in the free-molecule regime. When the vac-
uum pressure enters the regions corresponding to the tran-
sition regime and temperature-jump regime, heat flux val-
ues change rapidly from almost 0 to 1. This indicates that 
the heat transfer across the air–silicon interface increases 
rapidly as the pressure increases. If heat transfers take typi-
cally ~1 ps, whereas the pulse duration of irradiated laser 
is of order ~1 fs, the entire period from energy deposition 
to the appearance of final structure is of order ~1 ns [30]; 
therefore, we infer that after beam energy is absorbed by 
the silicon material, the heat transfer between silicon and 
air begins to occur during nodule formation. The heat 
transfer decreases the energy retained in the bulk silicon, 
which dictates the energy available in nodule formation 
and hence their corresponding height. That is, the change 
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in heat-transfer flux directly affects the final average height 
of the nodules.

Thus, the dependence of nodule formation on vacuum 
pressure can be explained: Under laser irradiation, the sili-
con wafer absorbs laser energy. When a sufficient amount 
of energy is absorbed, silicon begins to melt; capillary 
waves and ripples form a quasi-periodic array of beads 
that leads to the formation of nodules on the silicon sur-
face [31]. For femtosecond laser pulses, if the single-pulse 
energy and pulse number are fixed, the beam energy that 
is effectively absorbed by bulk silicon in unit time is fixed 
[23, 24]. After the energy is absorbed, the degree of heat 
transfer at the air–silicon interface determines how much 
energy is retained within the bulk silicon. The more the 
energy remaining, the higher the temperature in the sur-
face layer, resulting in more melting and ablation of sili-
con. Finally, the material melt and its ablation determine 
the nodule height that is obtained. Therefore, the lower the 
heat-transfer flux across the air–silicon interface, the more 
energy remains within the material, and hence, the higher 
the nodule height will be. In consequence, as the vacuum 
pressure increases, the rate of change in heat flux induces a 
negative correlation with the rate of change of average nod-
ule heights (see Fig. 3a, b).

However, we notice that in Fig.  3, the rate of change 
in heat flux is not completely correlated with height. For 
example, for the temperature-jump regime, the rate of 
change in heat flux is slower than that of height, whereas 
for the transition regime, it is quicker. We believe these 
observations result from differences in energy loss in gas 
dissociation under different pressures. It is well known that 
under femtosecond laser irradiation, nitrogen and oxygen 
are easily dissociated after they absorb beam energy, and 
oxygen can react with silicon to form silicon oxide (in our 
experiments, the laser intensity 420 J/cm2 is large enough 
for gas dissociation even under pressures of 105 Pa [32–
34]). Additionally, the plasma formed from gas dissociation 
can defocus the laser beam, which also decreases the beam 
energy reaching the silicon layer [33]. Under low vacuum 

Fig. 3   a Average height of 
microstructures as a function 
of vacuum pressure. Squares 
denote experimental data; red 
solid line is the fitted curve. 
Associated error bars are also 
given. b Normalized heat flux 
across the gas–solid interface as 
a function of vacuum pressure. 
Note the log scale used for both 
abscissas
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pressure, the number of molecules is small, and therefore 
little energy is lost during these reactions. Moreover, as gas 
pressure increases, more irradiated laser energy is used in 
gas dissociation and chemical reactions. As a result, at the 
same irradiated beam energy, the energy loss increases rap-
idly with pressure, rapidly lowering the amount of energy 
absorbed by bulk silicon. Finally, the effective beam energy 
that remains for nodule formation decreases rapidly. There-
fore, as pressure increases, even the rate of change in heat 
transfer slows; the fast-increasing energy losses cause nod-
ule heights to decrease rapidly.

In summary, combining a quantified analysis of heat 
transfer across a gas–solid interface, we demonstrated by 
experiments the influence of heat transfer on the average 
height of nodules of laser-ablated silicon. Average heights 
are higher if heat transfer is lower and vice versa. Addi-
tionally, the dissociation of air caused by the femtosecond-
pulsed laser beam also affects nodule formation. These 
results are meaningful for promoting the development of 
MS material fabrication for solar cell, sensors, photoelec-
tron devices, and their interdisciplinary fields.
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