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Time-resolved reflectivity measurements have been used to characterize the temperature-
dependence of the reflectivity of crystalline silicon between room temperature and the melting point 
during pulsed laser irradiation (λ = 532 nm, pulse durations between 50 ns and 600 ns). Based on 
these measurements, the reflectivity RSi(Tm) of the hot solid just before the onset of melting was 
determined for the probe wavelength of λ = 632.8 nm. For this wavelength, RSi(Tm) was found to be 
39.8 % ± 0.6 %. The increase of the measured reflectivity was correlated to the laser-induced 
temperature increase of the silicon surface as calculated by solving the 1D heat-conduction equation. 
This approach allows to indirectly determine the temperature in the laser-material interaction zone on 
the surface of a silicon sample during pulsed laser irradiation with sub-nanosecond time resolution by 
monitoring its reflectivity. 
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1. Introduction 

Processing of silicon by using laser radiation is becom-
ing more and more important in the photovoltaic and semi-
conductor industry. Annealing, structuring and ablation 
processes based on short and ultra-short [1] pulsed lasers 
start to compete with established manufacturing processes 
[2]. Thus, the precise knowledge of the interaction 
mechanisms between the laser radiation and the semi-
conductor is of major importance, especially for applications 
with a narrow processing window, e. g. processes that are 
tailored to run close to the melting or the ablation threshold. 
The optical properties (reflectivity and absorption) are of 
special interest since they determine the amount of pulse 
energy or intensity that can be coupled into the semi-
conductor to drive the laser process. Although a lot of 
experimental data is available for the temperature depend-
ence of the reflectivity of crystalline silicon RSi, these data 
almost solely provide information on the reflectivity at dis-
crete temperature values T which are either far below the 
melting temperature [3 - 10] or refer to the liquid state [11, 
12]. A consistent experimental description of RSi(T) in the 
entire temperature range between room temperature (TRT = 
300 K) and melting temperature (Tm = 1683K) is still 
missing. This is mainly due to the formation of oxide layers 
during the time between heating and the measurement of 
RSi(T) e.g. by means of ellipsometry, which makes it difficult 
to determine accurate data at elevated temperatures [5].  

In this work, the evolution of the reflectivity of 
crystalline silicon is consistently characterized in the entire 
range between TRT and Tm by means of time-resolved 
measurements. In order to cover the whole temperature 
range, a pump-probe setup with a nanosecond laser as the 
heating source was chosen. Since the time scale for the  

 
whole heating and measuring procedure is only a few 
hundred nanoseconds, oxidation can be assumed to be 
negligible [13, 14]. 

 
 
 

2. Experimental Details 
The experimental pump-probe setup used for the time-

resolved measurements of the reflectivity is schematically 
illustrated in Fig. 1. 

 
 

 
Fig. 1 Setup for time-resolved reflectivity measurements. The 
probe beam from the HeNe laser is focused on the sample to a 
diameter of Dprobe < 25 µm. The pump beam of the PyroFlex™ 

laser is aligned to the same location but with a significantly larger 
diameter. The reflected probe beam is detected by an avalanche 
photodiode whose signals are recorded by a fast oscilloscope. 
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The setup basically consisted of a pump laser to irradiate 
the surface of the samples, a cw HeNe probe laser to assess 
the changes of the reflectivity of the heated surface and an 
avalanche photodiode connected to a fast oscilloscope to 
monitor the changes. The reflectivity experiments were 
conducted on optically polished (100) n-Type Si wafers with 
a specific resistance of ρ = 4 ± 1 Ωcm. The pump laser was 
a pulsed PyroFlex™ 25-GR fiber laser operating at a 
wavelength of 532 nm and with M² < 1.3. Due to the special 
architecture of the laser source, it was possible to adjust the 
pulse duration in the range from approximately two nano-
seconds to several 100s of nanoseconds with negligible 
influence on the other laser parameters. This feature enabled 
us to investigate the effect of different pulse durations in one 
experimental setup, avoiding any experimental influences 
resulting from different laser sources or optical setups. The 
possibility to adjust the pulse duration and the fact that the 
temporal intensity profile of a single laser pulse was 
virtually rectangular − while being almost Gaussian in 
space − allowed us to precisely control the irradiation 
conditions (pulse intensity and duration). The intensity of 
the pump beam was adjusted by a half-wave plate and a 
polarizer. The beam was focused with a bi-convex lens with 
a focal length of f = 150 mm. The angle of incidence was 
adjusted to be circa 30° (to the surface’s normal). This 
resulted in an elliptical spot on the sample surface of 
>100 µm by >150 µm microns, depending on the pulse 
duration used. It was anticipated that any native oxide layer 
that is present on the sample surface would not interfere with 
the measurements, since the penetration depth of the probe 
beam would by far exceed the native oxide thickness (1 – 
3 nm) [15]. Thus, a simple cleaning of the surface by 
isopropyl alcohol was sufficient to remove organic con-
tamination prior to the irradiation in ambient environment. 

The probe beam was supplied by a single mode 4 mW 
cw HeNe laser emitting at a wavelength of λ = 632.8 nm. 
The beam was focused by a 20x microscope objective to a 
diameter of Dprobe < 25 µm, resulting in a spot area that was 
more than one order of magnitude smaller than the spot area 
of the pump beam. This difference in spot size on the sample 
surface made sure that the investigated laser-material 
interaction area was irradiated homogeneously by the 
PyroFlex™ 25-GR laser beam. The part of the probe beam’s 
intensity that was reflected by the sample surface passed a 
50/50 beam splitter and was detected by an avalanche 
photodiode with a bandwidth of 50 MHz. To ensure a 
homogeneous illumination of the active detection area of the 
photodiode (0.79 mm²), a diffuser plate was mounted 
between the optical bandpass filter (632.8 nm ± 2 nm) and 
the detection area. The responsitivity of the photodiode for 
λ = 632.8 nm was 20 mA/W. The voltage signals were 
recorded by a fast oscilloscope with 20 GS/s.  

 
 
 

3. Results and Discussion 
Fig. 2 shows the voltage signal of the photodiode (left 

ordinate) during irradiation with a laser pulse with a duration 
of τp = 300 ns and an intensity well above the melting 
threshold. This signal was converted into the time-resolved 
evolution of the reflectivity of crystalline silicon (right 
ordinate) for λ = 632.8 nm with the help of equation (2) as 

explained below. The normalized temporal intensity profile 
of the pump pulse is shown in the small insert on the right 
hand side of Fig. 2. 

 
Fig. 2 Voltage signal (left ordinate) and evolution of the 

reflectivity of c-Si (right ordinate) upon laser irradiation by a 
pulse with a duration of τp = 300 ns. The intensity of the pump 

pulse was set to be high enough to melt the surface. The temporal 
evolution of the pulse is shown by the insert on the right. The 
dashed lines are guides to the eye that mark the characteristic 

sections and kinks in the UOszi(t)-signal, see text. 

 
 
3.1  Relation between voltage signal and reflectivity of 
the probed surface 

The voltage signal UOszi(t) generated by the avalanche 
photodiode increases linearly with the reflected intensity Irefl 
of the probe beam. Irefl is in turn proportional to the 
temperature dependent reflectivity of the silicon surface so 
that  

UOszi = A · Irefl + B = A · RSi(T(t)) · IHeNe + B, (1) 
 
where A is a measure for the responsitivity of the photodiode 
and B stands for the offset of the signal. IHeNe is the intensity 
emitted by the probe laser. Before the pump pulse irradiates 
the sample (t < 0 ns), a constant voltage signal is recorded 
(U0 = 348 ± 5 mV, marked as  in Fig. 2). This voltage level 
corresponds to the reflectivity of crystalline silicon at λ = 
632.8 nm and at room temperature which is known to be 
RSi(TRT) = 34.8 % [3]. After approximately 150 ns of laser 
irradiation, the voltage level reached an almost constant 
level again (U1 = 820 ± 2.5 mV, marked as  in Fig. 2). This 
value corresponds to the reflectivity of liquid silicon [4, 13, 
14] which is RSi(Tliq) = 71.2 % [14] for λ = 632.8 nm. 
Inserting these values for RSi(TRT) and RSi(Tliq) together with 
U0 and U1 into equation (1), one finds the values for A = 
1354.3 mV/W and B = -123.5 mV. Solving equation (1) for 
RSi(t) = RSi(T(t)), where t is time, then yields  

𝑹𝑹𝑺𝑺𝑺𝑺(𝒕𝒕) = 𝑼𝑼𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶(𝒕𝒕) +𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓 𝒎𝒎𝒎𝒎 

𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏.𝟑𝟑 𝒎𝒎𝒎𝒎𝑾𝑾   ⋅ 𝑰𝑰𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯
. (2) 

Approximately 25 ns after the end of the laser pulse, the 
voltage signal starts to decrease due to the cooling of the 
sample. The end of the phase transition from liquid to solid 
is indicated by the kink in the slope of the signal at t ≈ 435 ns 
(intersection between and  in Fig. 2). 
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3.2  Reflectivity of solid silicon at Tm 

 
Fig. 3 Magnification of the first 100 ns of the measured voltage 

signal and reflectivity from Fig. 2. The dashed lines correspond to 
a linear approximation of the signal during the solid phase  
(t < 0 ns, marked as ), the heating phase for temperatures 

between TRT and Tm (0 < t < 42.3 ns, marked as ) as well as the 
transition phase from solid to liquid (t > 42.3 ns, marked as ). 

Fig. 3 shows a magnification of the voltage signal and 
reflectivity as measured during the first 100 ns of irradiation 
by the pump beam. The dashed lines are linear approxima-
tions to the voltage pattern and help to identify the start of 
the laser irradiation (intersection between  and ) as well 
as the onset of the solid-liquid phase transition (intersection 
between  and ) at Tm = 1683 K. Hence, the reflectivity 
of the hot solid silicon just before the onset of melting 
RSi(Tm) can be determined for the probe wavelength λ = 
632.8 nm by this interpretation of the detected voltage 
signals.  

The values of RSi(Tm) thus determined for different pump 
pulse energies and different pulse durations are shown in Fig. 
4. Within the experimental resolution, it is shown that the 
value for RSi(Tm) neither depends on the pulse energy or laser 
fluence nor on the pulse duration. The mean value is found 
to be RSi(Tm) = 39.8 % with a standard deviation of 0.6 %. 

 
Fig. 4 Reflectivity at λ = 632.8 nm of the solid silicon at the 

melting point for different pulse durations as a function of pulse 
energy. The dashed line corresponds to the mean value of  

RSi(Tm) = 39.8 %. The reflectivity value at room temperature is 
shown at Ep = 0 µJ. 

3.3 In-situ determination of the laser-induced tempera-
ture increase 

The temperature T in a laser treated area can generally 
be calculated by solving the 3D heat-conduction equation 

∇𝑘𝑘∇𝑇𝑇 −  𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= − 1
𝜅𝜅
∙ 𝑞𝑞(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡)  (3) 

where k is the thermal diffusivity, κ the thermal conductivity 
and q(x,y,z,t) the heat source or heat sink respectively [16].  

Since we are only interested in the temperature increase 
in the center of the laser-silicon interaction area where the 
intensity distribution of the laser beam perpendicular to the 
beam axis is homogenous and the lateral dimensions of the 
irradiated area are approx. two orders of magnitude larger 
than the thermal penetration depth lth = 2√𝑘𝑘 ∙ 𝑡𝑡 (lth < 14.5 µm 
for the time scales under consideration), the reduction of the 
problem to only one dimension is reasonable: 
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑘𝑘 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
� −  𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= − 1

𝜅𝜅
∙ 𝑞𝑞(𝑧𝑧, 𝑡𝑡). (4) 

In addition, Gatskevich et al. have shown that the results (e.g. 
values for surface temperature) of such a simplified 1D ap-
proach agree very well with the results of more sophisticated 
3D simulations [17]. For example, comparing the 1D and 3D 
approach, the calculated values for the maximum surface 
temperature differ by less than 2 %, when the temperature 
dependences of the thermal diffusivity k(T) and the thermal 
conductivity κ(Τ) are considered in the calculations [17].  

Furthermore, due to the low optical (ca. 1.3 µm for 
λ  = 532 nm) and thermal penetration depths in relation to 
the spot area of the pump beam, the volumetric heat source 
q(z,t) can be considered as a surface source (z = 0) with 
constant dimensions during the time of irradiation. 

The solution of the 1D heat conduction equation for the 
present problem (a semi-infinite body irradiated by a surface 
heat source with a spatially and temporally constant intensity 
distribution during the pulse duration τp) is taken from [16]. 
The expression for the temperature profile in the center of 
the irradiated area and depth z 

𝑇𝑇(𝑧𝑧, 𝑡𝑡) = 𝑇𝑇𝑅𝑅𝑅𝑅 +  𝐼𝐼abs(𝑡𝑡)
𝜅𝜅

�𝑙𝑙𝑡𝑡ℎ ∙ ierfc � 𝑧𝑧
𝑙𝑙𝑡𝑡ℎ
����������

heating phase

− 𝑙𝑙𝑡𝑡ℎ∗ ∙ ierfc � 𝑧𝑧
𝑙𝑙𝑡𝑡ℎ
∗ ����������

cooling phase

�

 (5) 
consists of a term for the heating phase and a term for the 
cooling phase (t > τp), where 𝑙𝑙𝑡𝑡ℎ∗ = 2�𝑘𝑘 ∙ (𝑡𝑡 − 𝜏𝜏𝑝𝑝) . Iabs(t) 
represents the intensity absorbed until time t and ierfc(•) 
stands for the complementary error function with 
ierfc(0) = 1/√𝜋𝜋.  

To apply the 1D heat-conduction equation (5) to the fol-
lowing problem, the observed time span for laser-induced 
heating t < τp is considered as a sequence of discrete ele-
ments of t1 .. tn, n 𝜖𝜖 ℕ, tn ≤ τp. For a sufficiently small distance 
between the elements of the sequence, the intensity absorbed 
until tn, Iabs(tn), is only insignificantly higher than Iabs(tn-1), 
therefore it holds that ∀𝜀𝜀 > 0, 𝜀𝜀 𝜖𝜖 ℝ, |Iabs(tn) - Iabs(tn-1)| < 𝜀𝜀. 
Thus, the time-dependent temperature increase T(tn) of the 
silicon surface (i. e. z = 0) after time tn < τp  

∆𝑇𝑇(𝑡𝑡n) = 2⋅ (𝐼𝐼abs(𝑡𝑡n−1)+𝜀𝜀)
𝜅𝜅

�𝑘𝑘
𝜋𝜋
⋅ 𝑡𝑡n  (6) 
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can be expressed with the help of equation (5) as a function 
of the absorbed intensity Iabs(tn-1) (instead of Iabs(tn)), the 
thermal conductivity κ, and the thermal diffusivity k.  
 In the present approach, (tn - tn-1) was chosen to match the 
sampling rate of the oscilloscope that was used to record the 
voltage signal UOszi(t), being 0.1 ns. By that it follows that 
the error introduced by this approach is of no consequence 
to the interpretation of the experimental data even if – as in 
the following – 𝜀𝜀 is regarded to equal 0. The surface temper-
ature after tn is given by T(tn) = TRT + ∆T(tn). The iterative 
determination of ∆T(tn) allows to consider the temperature 
dependences of κ and k and yields to 

𝑻𝑻(𝒕𝒕𝒏𝒏) = 𝑻𝑻𝑹𝑹𝑹𝑹 +  𝟐𝟐⋅ 𝑰𝑰𝐚𝐚𝐚𝐚𝐚𝐚(𝒕𝒕𝐧𝐧−𝟏𝟏)
𝜿𝜿�𝑻𝑻𝑹𝑹𝑹𝑹+∆𝑻𝑻(𝒕𝒕𝐧𝐧−𝟏𝟏)�

�𝒌𝒌�𝑻𝑻𝑹𝑹𝑹𝑹+∆𝑻𝑻(𝒕𝒕𝐧𝐧−𝟏𝟏)�
𝝅𝝅

⋅ 𝒕𝒕𝐧𝐧. (7) 
 
For the following calculations, the values of κ(T) and k(T) 
are taken from [18].  
Section  of the curve shown in Fig. 3 can be described by 

RSi(tn) = C · tn + D (8) 
 

where C and D result from regression analyses of the time-
resolved reflection signals (compare right ordinate in Fig 3). 
C and D need to be determined for each UOszi(t) measure-
ment individually. When equation (7) is solved for tn and 
then inserted into equation (8), it follows that 

𝑹𝑹𝑺𝑺𝑺𝑺(𝑻𝑻(𝒕𝒕𝐧𝐧)) = 𝑪𝑪 ⋅
𝜿𝜿𝟐𝟐(𝑻𝑻′)⋅𝝅𝝅

𝟒𝟒⋅𝒌𝒌(𝑻𝑻′)⋅𝑰𝑰𝐚𝐚𝐚𝐚𝐚𝐚
𝟐𝟐 (𝒕𝒕𝐧𝐧−𝟏𝟏)

⋅ ∆𝑻𝑻(𝒕𝒕𝐧𝐧)𝟐𝟐  + 𝑫𝑫 (9) 

 
scales for temperatures below Tm with ∆T² or 𝑇𝑇(𝑡𝑡𝑛𝑛)² , 
respectively, where T´ = TRT + ∆T(tn-1).  
According to equation (9) one would expect a quadratic 
dependence of RSi(T) on T, if the material properties were 
constant. However, the increase of RSi(T) is dominated by 
the quotient κ²(T´) ⁄ k(T´), leading to an almost linear 
behavior of RSi(T) for T < Tm. 
The dotted-dashed line in Fig. 5 shows the temperature 
dependence of the reflectivity of crystalline silicon in the 
solid phase for the entire temperature interval between TRT 
and Tm as determined by the method described above.  

 
Fig. 5 Reflectivity of crystalline silicon as a function of surface 
temperature for the probe wavelength λ = 632.8 nm in the entire 
temperature interval between TRT and Tm according to equation 

(9). () denote experimental values of RSi(T) published in [9] and 
[5] (), respectively. 

For comparison, we have included published values 
determined by means of ellipsometry measurements [5, 9]. 
Note that in the cited ellipsometry experiments, precautions 
have been taken to reduce oxidation at elevated temperatures 
(e. g. heating and measurement procedure under an inert gas 
atmosphere). Therefore, the discrete data points can be 
assumed to represent the exact reflectivity values for the 
respective temperatures and are suitable to validate the 
elaborated approach. Even though the relation between 
reflectivity and temperature was not directly measured but 
only deducted from recorded voltage signal, the presented 
approach describes the temperature dependence of the 
reflectivity of crystalline silicon between room temperature 
and the melting point in excellent agreement with 
experimental data. The RSi(T)-curve in Fig. 5 can be 
approximated in the interval TRT < T < Tm by  

RSi(T) = 6.409×10-9 · T² + 2.502×10-5 · T + 0.339 (10) 
 

with a coefficient of determination of 99.88 %. When 
inserting equation (9) into equation (1), the expression can 
be solved for the laser-induced temperature increase 

∆𝑻𝑻(𝒕𝒕𝐧𝐧) = 𝟐𝟐⋅ 𝑰𝑰𝐚𝐚𝐚𝐚𝐚𝐚(𝒕𝒕𝐧𝐧−𝟏𝟏)
𝜿𝜿�𝑻𝑻´�

⋅ �𝒌𝒌�𝑻𝑻′�
𝝅𝝅⋅𝑪𝑪

⋅ �𝑼𝑼𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶(𝒕𝒕𝐧𝐧)−𝑩𝑩
𝑨𝑨⋅ 𝑰𝑰𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯

− 𝑫𝑫, (11) 

 
which can thus be determined as a direct result of the 
recorded photodiode voltage signals UOszi(tn).  
The temporal evolution of the laser-induced temperature 
increase of crystalline silicon is calculated according to 
equation (11) and is shown for different pulse durations in 
Fig. 6. The laser intensity was adjusted for each pulse 
duration in the way that the laser-silicon interaction area 
reaches the melting temperature. 

After the end of the laser pulse, the laser-silicon 
interaction area cools down from Tm to TRT within several 
microseconds. We have shown earlier that a repeated 
irradiation of the same area (e.g. irradiation with high pulse 
overlap) leads to heat accumulation in the substrate and to a 
reduction of the laser fluence needed to melt the surface [19]. 

 

 
Fig. 6 Time-resolved evolution of the temperature increase during 
laser irradiation with different pulse durations as calculated from 

the detected voltage signals with the help of equation (11).  
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The maximum cooling rates of the hot solid dT⁄dt can be 
extracted from Fig. 6 and are shown in Fig. 7 as a function 
of pulse duration. They occur directly after the end of the 
laser pulse. For laser fluences equivalent to the melt 
threshold it applies that the shorter the laser pulse duration, 
the higher the maximum cooling rate. This is indicated by 
the fit to the measured data (dashed line), which gives 

𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅� ~𝟏𝟏

�𝝉𝝉𝒑𝒑� . (12) 

 
Fig. 7 Maximum cooling rates as a function of pulse duration. 

The dashed line corresponds to the interpolation of the measured 
data. 

For the pulse durations investigated in this paper, the 
maximum cooling rates of the hot silicon lie in the order of 
magnitude of 1011 K/s. These cooling rates are three orders 
of magnitude below the cooling rates that lead to amorphous 
crystallization [20]. Thus, crystalline regrowth is ensured for 
laser-induced melting processes with pulse durations in the 
nanosecond regime. 

 
4. Summary 

The temperature-dependence of the reflectivity of crys-
talline silicon RSi(T) was determined in the entire tempera-
ture range between room temperature and the melting point 
by means of time-resolved reflectivity measurements during 
pulsed laser irradiation. This approach as well as the experi-
ments presented in this paper extend the analyzed tempera-
ture range in a consistent and comprehensive manner. 
Before this work, the reflectivity values of crystalline silicon 
were only reported for discrete temperatures (e.g. in [3-13, 
21-24]). 

The reflectivity of silicon at Tm was determined to be 
39.8 % ± 0.6 % for λ = 632.8 nm. The elaborated methodol-
ogy to convert the measured voltage signals into reflectivity 
or temperature values respectively suggests a very simple 
technique for the experimental, in-situ temperature determi-
nation in the laser-material interaction area with sub-
nanosecond time resolution. What is more, the time scale of 
heating, measuring and cooling is too short to allow for 
significant oxidation of the silicon surface that might distort 
the measurement results [13, 14]. For the first time, this 
approach was successfully applied to continuously monitor 
the entire heating and cooling phase of the silicon surface 

during single pulse irradiation with laser pulse durations 
between 50 ns and 500 ns. Cooling rates of the hot silicon in 
the order of 1011 K/s that still allow for crystalline regrowth 
were found. It followed that laser-induced melting processes 
with pulse durations in the nanosecond regime ensure 
crystalline regrowth. 
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