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1. Introduction

In a recent publication,[1] the transient pseudodielectric function
of Ge, Si, and InP obtained from femtosecond pump–probe spec-
troscopic ellipsometry (SE) between 1.7 and 3.5 eV using pump
wavelengths of 267, 400, and 800 nm has been presented. Details
on the experimental setup and the measurement results have
been given in ref. [1] (the instrumental setup is also described

in ref. [2]); however, a quantitative analysis
of the data has not been included.
Therefore, the goal of this work is to quan-
titatively investigate the time-resolved criti-
cal points E1 and E1 þ Δ1 in Ge and E1 in
Si using the data provided in ref. [1]. For
this purpose, standard critical point line-
shapes[3,4] are fitted to the second energy
derivatives of the pseudodielectric function
of both materials to obtain the critical point
parameters (threshold energy, lifetime
broadening, excitonic phase angle, and
amplitude) as functions of delay time after
optical excitation.

In the temporal evolution of the critical
point parameters of Ge, oscillations are
observed within the first 30 ps, which are

identified as coherent longitudinal acoustic phonon (CAP) oscil-
lations. The origin of such oscillations is a laser-induced hydro-
static strain pulse, which travels through the material.[5] CAP
oscillations have been described in the literature[5–7] and have
been measured in many different materials.[8–19] Although in
general hard to detect in bulk semiconductors due to the large
penetration depth,[9] CAP oscillations have been observed, for
example, in the pump–probe reflectivity spectra of GaP and Si
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Herein, the complex pseudodielectric function of Ge and Si from femtosecond
pump–probe spectroscopic ellipsometry with 267, 400, and 800 nm pump–pulse
wavelengths is analyzed by fitting analytical lineshapes to the second derivatives
of the pseudodielectric function with respect to energy. This yields the critical
point parameters (threshold energy, lifetime broadening, amplitude, and exci-
tonic phase angle) of E1 and E1 þ Δ1 in Ge and E1 in Si as functions of delay time.
Coherent longitudinal acoustic phonon oscillations with a period of about 11 ps
are observed in the transient critical point parameters of Ge. From the amplitude
of these oscillations, the laser-induced strain is found to be on the order of 0.03%
for Ge measured with the 800 nm pump pulse, which is in reasonable agreement
with the strain calculated from theory.

RESEARCH ARTICLE
15 years of pss www.pss-rapid.com

Phys. Status Solidi RRL 2022, 2200058 2200058 (1 of 7) © 2022 Wiley-VCH GmbH

mailto:carola.emminger@uni-leipzig.de
https://doi.org/10.1002/pssr.202200058
http://www.pss-rapid.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssr.202200058&domain=pdf&date_stamp=2022-06-01


by Ishioka et al.,[9] in GaAs by Vinod et al.,[10] and Han et al.,[11]

and in GaN by Wu et al.[12]

In the present study, it is shown that CAP oscillations can also
be found in the transient critical point parameters of bulk Ge
from femtosecond pump–probe SE measurements up to a delay
time of about 30 ps. From the amplitude of the oscillations in the
critical point energies, we are able to quantify the laser-induced
strain using well-known deformation potentials and find it to be
in reasonable agreement with the strain expected from theory.
The analysis method is outlined in Section 2 and the results
for Ge are discussed in Section 3, while the analysis results of
Si are provided in Supporting Information.

2. Critical Point Analysis

The second derivatives of the pseudodielectric function with
respect to energy are calculated by applying a linear filter
method[20–23] using extended Gauss (EG) kernels,[24,25] which
are defined as[21]

bMðxÞ ¼
XM
m¼0

ð�1Þm am

m!
dm

dam

� �
a�1

2

2
ffiffiffi
π

p exp � x2

4a

� �
(1)

where
ffiffiffi
a

p ¼ ΔE is the width of the filter. Similar to the example
given in Equation (21c) in ref. [21], one can define an expression
using b4ðxÞ and calculate the second derivatives with respect to
energy. The pseudodielectric function is not given in equidistant
energy or wavelength steps. Therefore, instead of converting
from wavelength to energy, we calculate an average step
size ΔE0

j ¼ ðEjþ1 � Ej�1Þ=2 at each data point j. The second
energy derivative of the data εih ij, where εih i can be either the
real or imaginary part of the pseudodielectric function
εh i ¼ ε1h i þ i ε2h i, is then given by
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For J data points, j1 ¼ 2 and j2 ¼ J � 1. The width ΔE of the
filter is chosen according to the white noise onset of the Fourier
coefficients obtained from a discrete Fourier transform, as
explained in ref. [21,22]. To compute the Fourier transform
and remove discontinuities at the endpoints of the data set,
we use the method introduced in ref. [26]. The amount of noise
in the data determines the white noise region and therefore the
filter width (see, e.g., Figure 5 in ref. [21] or Section III in ref.
[22]). In principle, one would have to determine the filter width
for each data set separately. However, since the number of data

sets for each material and pump–pulse wavelength is >200, we
determine ΔE at some selected delay times before, at, and after
the pump pulse and choose the filter width that works best for all
selected data sets. Table S1, Supporting Information, lists the
chosen filter widths, the range of the step size, the spectral
energy range, the energy range used for the fit, the time range
(before and after the pump pulse), and the carrier concentration
for both materials measured with various pump–
pulse wavelengths.

We have ignored the depth dependence of the dielectric func-
tion (interference effects) and analyzed the pseudodielectric
function of the sample. To fit the analytical lineshapes to the sec-
ond energy derivatives of ε1h i and ε2h i using Equation (2), a
Levenberg–Marquardt algorithm as explained in Chapter 15.5
in ref. [27] was implemented in Cþþ. Starting parameters for
the eight fit parameters (amplitude, energy, broadening, and
phase angle for both E1 and E1 þ Δ1, cf. Equations (3) and (4))
are taken based on steady-state values found in the litera-
ture.[28,29] At each delay time, all eight parameters are fitted to
both d2 ε1h i=dE2 and d2 ε2h i=dE2, by minimizing the sum of
the χ2 merit functions of d2 ε1h i=dE2 and d2 ε2h i=dE2. The code
automatically fits the data sets at all delay times using the same
starting parameters for each case. Figure 1 shows the second
derivatives in the range of E1 and E1 þ Δ1 in Ge measured with
an 800 nm pump pulse, calculated from Equation (2) before
(t ¼ �5 ps), at (t ¼ 0), and 3 ps after the pump pulse.

Figure 1. Second derivatives with respect to energy of the pseudodielectric
function in the region of E1 and E1 þ Δ1 of Ge measured with an 800 nm
pump pulse (carrier concentration: 2� 1020 cm�3) at different delay times
before (�5 ps), at (t ¼ 0), and 3 ps after the pump pulse. Dashed lines
represent the derivatives obtained as explained in the text. Solid lines rep-
resent the fits using 2D lineshapes for E1 and E1 þ Δ1.
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Solid lines show the fits with the second derivative of a 2D
critical point lineshape, which best represents the E1 and
E1 þ Δ1 critical points,[29] given by

d2εðEÞ
dE2 ¼ AE1

eiϕE1

ðE � E1 þ iΓE1
Þ2 þ

AE1þΔ1
eiϕE1þΔ1

ðE � ðE1 þ Δ1Þ þ iΓE1þΔ1
Þ2 (3)

The fit parameters in Equation (3) are the amplitudes AE1
and

AE1þΔ1
, the excitonic phase angles ϕE1

and ϕE1þΔ1
, the critical

point energies E1 and E1 þ Δ1, and the broadenings ΓE1
and

ΓE1þΔ1
. The agreement between the fit and the second derivatives

calculated from the EG filters deteriorates between 2.3 and
2.5 eV. A possible explanation might be a structure that arises
due to phase-filling effects[30] slightly above E1 þ Δ1. This has
been simulated in ref. [30] for doped Ge with a carrier concen-
tration of 1019 cm�3 at 77 K. Since the data we investigate in this
work were measured at room temperature, we expect the struc-
tures shown in Figure 2 of ref. [30] to feature a larger spectral
broadening and therefore distort the lineshape of E1 þ Δ1. We
suspect that this extra feature might be the reason of the devia-
tions between the fits and the second derivatives above 2.3 eV in
Figure 1, since the extra feature is not taken into account using
the standard 2D critical point lineshape. In the case of Si, E1 and
E1 þ Δ1 cannot be distinguished since Δ1 ¼ 0.029 eV is smaller
than the E1 broadening of about 0.1 eV at room temperature.[31]

Therefore, we use a single 0D (excitonic) lineshape with the sec-
ond derivative given by

d2εðEÞ
dE2 ¼ �2AE1

eiϕE1

ðE � E1 þ iΓE1
Þ3 (4)

which best describes E1 in Si according to Lautenschlager et al.[31]

3. Results and Discussion

3.1. Transient Critical Point Parameters of Ge

The measurements with a time resolution of 120 fs were per-
formed on Ge(100) at an angle of incidence of 45° with respect
to the surface normal for the s-polarized 35 fs pump pulses and
60° for the probe beam with the polarizer positions being fixed at
�45∘ (for further details on the experiment, see ref. [1]). Figure 2
depicts the critical point parameters as functions of delay time
of Ge for pump–pulse wavelengths of 267, 400, and 800 nm
obtained as explained in Section 2.

The vertical line marks the time t ¼ 0 of the pump pulse. It
should be noted that the delay time steps were not chosen to be
constant. For Ge measured with the 800 nm pump pulse, for
instance, the delay time steps were 10–50 fs between t ¼ �0.3
and 1 ps, 100–250 fs between t ¼ 1 and 10 ps, 1–2 ps between
t ¼ 11 to 30 ps, and 5–100 ps (t > 30 ps) (this is apparent in
Figure 3 and S1, Supporting Information, which depict the tran-
sient quantities as data points).

Several observations can be made about the critical point
parameters of Ge. The E1 and E1 þ Δ1 energies redshift after
the pump pulse (except E1 measured with a pump wavelength
of λpump ¼ 400 nm) and start to recover after about 4 ps. This

Figure 2. Temporal evolution of the critical point parameters of E1 (solid) and E1 þΔ1 (dashed) in bulk Ge (100) measured with pump–pulse wave-
lengths of 267 nm (gray), 400 nm (blue), and 800 nm (red).
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redshift might be partially due to laser heating, although this
does not explain why E1 and E1 þ Δ1 do not shift by the same
amount since Δ1 is independent of temperature (the expected
temperature increase is ΔT � 25K for the data measured with
λpump ¼ 800 nm,[1] which corresponds to a redshift of E1 and
E1 þ Δ1 of about 14meV[28]). The data set measured with a pump
wavelength of 400 nm shows an extraordinary feature at about
1.8 eV (this is possibly an experimental artifact, as discussed
in Supporting Information of ref. [1]), which might affect the crit-
ical point parameters of E1.

For λpump ¼ 267 and 800 nm, the amplitudes of both E1 and
E1 þ Δ1 increase, while the pseudodielectric function shown in
Figure 4 in ref. [1] and Figure S2, Supporting Information, sug-
gests a decrease within the first couple of picoseconds. This is
possibly related to the changes in the phase angles and broaden-
ings of E1 and E1 þ Δ1, which show opposite behavior for the two
critical points: the broadening and phase angle of E1 increase,
while the parameters for E1 þ Δ1 decrease within the first couple
of picoseconds after the pump pulse. Setting the phase angle
equal for E1 and E1 þ Δ1 as done in ref. [28] reduces the agree-
ment between the fit and the calculated second derivatives.

Therefore, we treat both phase angles as fit parameters, which
results in ϕE1

� 2ϕE1þΔ1
. While the phase-filling effects might

provide an explanation for the opposite behavior of the two criti-
cal points by affecting the lineshape of E1 þ Δ1 for the excited
system (positive delay times), it should be noticed that some devi-
ations of the critical point parameters were observed for the
unpumped sample (i.e., at negative delay times). These discrep-
ancies may originate from the treatment of the oxide layer, as
discussed in ref. [2]. Interestingly, it seems that some parameters
evolve with different rates and reach their final value faster than
others (e.g., the E1 þ Δ1 amplitude measured with λpump ¼ 400
nm). The origin of the different behavior of the two critical points
is unclear at the present moment and will be addressed in a
future publication including the analysis of newly measured data.
In this study, we focus on the CAP oscillations whose amplitudes
are on the same order of magnitude for both E1 and E1 þ Δ1.

A discussion on the analysis results of the Si data is provided
in Section 4 in Supporting Information.

3.2. Coherent Phonon Oscillations

Within the first 30 ps, CAP oscillations with a period of about
11 ps are observed in the critical point parameters of Ge, while
no oscillations are detected for Si (possible explanations for the
absence of CAP in the critical point parameters of Si are
discussed later and in Supporting Information). The period of
CAP oscillations is given by[7]

T ¼ λ

2nvs cos θ
(5)

where n is the (real part of the) refractive index of the material at
the probe–beam wavelength λ, vs is the longitudinal sound veloc-
ity (given in Table 1), and θ is the angle of refraction.

Due to the large refractive index, the angle of refraction is
small according to Snell’s law and we can approximate

T � λ

2nvs
(6)

Table 2 lists the probe wavelengths and corresponding refrac-
tive indices at E1 and E1 þ Δ1 of Ge and E1 of Si, as well as the
period calculated from Equation (6) using values for the refractive
index at the corresponding wavelengths from the literature.[32]

Since we only intend to estimate the period, we do not consider

(a)

(b)

Figure 3. Spectral shifts ΔE1 (change of the E1 energies) and ΔðE1 þΔ1Þ
with delay time of Ge measured with the 800 nm pump pulse at a carrier
concentration of 2� 1020 cm�3. The solid lines represent fits with
Equation (7), which were performed between 1 and 30 ps. The oscillatory
(first term in Equation (7)) and the decay term (second term in
Equation (7)) are plotted using the fit parameters in Table 3 and are rep-
resented by the dashed and dotted lines, respectively.

Table 1. Material parameters (as defined in the text) of Ge and Si at room
temperature.

Parameter Ge Si Ref.

B [N cm�2] 7.5� 106 9.8� 106 [41]

β [K�1] 5.9� 10�6 2.6� 10�6 [42,43]

C [J (cm3� K)�1] 1.68 1.68 [44]

∂Eg
∂P [eV Pa�1] 5.0� 10�11 �1.5� 10�11 [40]

D1
1 [eV] �8.1 [45]

D3
3 [eV] 5.9 [45]

vs [cm �1] 4.91� 105 9.36� 105 [39,46]
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the dependence on energy or delay time of the refractive index,
which varies by about 2–3% within the first 10 ps.

The energy shifts shown in Figure 2 can be fitted with the sum
of a damped oscillator (similar to ref. [9]) and an exponential
decay.

ΔEðtÞ ¼ �ΔEa cos
2πt
T

� δ
� �

e�
t
τa � ΔEbe

� t
τb (7)

Figure 3 shows the fit to the energy shifts ΔE1 and
ΔðE1 þ Δ1Þ with the fit parameters listed in Table 3, obtained
from fitting the 800 nm pump–pulse data between 1 and 30 ps
with Equation (7). Ishioka et al.[9] relate the buildup time of the
strain pulse to the phase delay and therefore we treat the phase
δ as a fit parameter as well. We performed the fits starting at
1 ps, that is, ignoring the strong decrease of the energies within
the first picosecond, which is not (or not only) caused by the
acoustic pulse.

The period of the oscillatory term of Equation (7), which is
represented by the dashed lines in Figure 3, agrees very well with
the calculated CAP periods given in Table 2. While ΔðE1 þ Δ1Þ is
about twice as strong asΔE1, the amplitudeΔEa of the oscillatory
term is about the same for both critical points. Adding and sub-
tracting the two amplitudes ΔEa is used to estimate the strain
inside the material due to the strain dependence of the E1

and E1 þ Δ1 critical points via[33–35]

ΔE1 ¼
Δ1

2
þ ΔEH �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔ1Þ2
4

þ ðΔESÞ2
r

(8)

and

ΔðE1 þ Δ1Þ ¼ �Δ1

2
þ ΔEH þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔ1Þ2
4

þ ðΔESÞ2
r

(9)

with the hydrostatic shift ΔEH and the shear splitting ΔES given
by[35]

ΔEH ¼
ffiffiffi
3

p
D1

1εH (10)

and

ΔES ¼
ffiffiffi
6

p
D3

3εS (11)

where D1
1 and D3

3 are the shear and hydrostatic deformation
potentials. The hydrostatic strain εH and shear strain εS depend
on the in-plane (εk) and out-of-plane (ε⊥) strains in the following
way[35]

εH ¼ ε⊥ þ 2εk
3

(12)

εS ¼ ε⊥ � εk
3

(13)

We assume that the stress is isotropic (hydrostatic) and there-
fore set εS ¼ 0 and ε33 ¼ ε⊥ ¼ εk.

[8,9] Adding Equations (8)
and (9) and setting it equal to the sum of the two amplitudes,
ΔEa given in Table 3 results in ΔEH ¼ ð4.4� 0.4ÞmeV.
The hydrostatic strain can then be calculated using D1

1

listed in Table 1, which gives εH ¼ ð�3.1� 0.3Þ � 10�4.
Similarly, subtracting Equation (9) from Equation (8) gives

Δ1 � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔ1Þ2
4

þ ðΔESÞ2
r

¼ �0.4meV � 0 (14)

The amplitudes of the CAP oscillations are about the same for
E1 and E1 þ Δ1 considering the error bars, which is consistent
with assuming ΔES ¼ 0.

To compare these results with the strain expected from theory,
the expressions for the electron–hole and thermal contributions
to the stress σij given in Equation (17) and (18) in ref. [6] are used,
which are

σeij ¼ �B
∂Eg

∂P
δijN (15)

and

σpij ¼ � 3Bβ
C

ðE � EgÞδijN (16)

where B is the bulk modulus, ∂Eg= ∂P is the pressure depen-
dence of the indirect bandgap Eg, β is the linear thermal expan-
sion coefficient, N is the number of photoexcited electron–hole
pairs per unit volume, C is the specific heat, and E is the photon
energy of the pump beam. The ratio of electronic and thermal
contributions

Table 2. Wavelength λ and refractive index n at the E1 and E1 þ Δ1 critical
points of Ge and E1 of Si, along with the period T of coherent longitudinal
acoustic phonon oscillations calculated from Equation (6) and the
penetration depth ζ.

λ [nm] n T [ps] ζ [nm]

E1 in Ge 586.5a) 5.68b) 10.5 28

E1 þ Δ1 in Ge 536.7a) 5.01b) 10.9 18

E1 in Si 365.3c) 6.53b) 3.0 11

a)ref. [28] b)ref. [32] c)ref. [31]

Table 3. Parameters obtained from fitting Equation (7) to the E1 and
E1 þ Δ1 shifts of Ge measured with the 800 nm pump pulse between
1 and 30 ps (Figure 3).

ΔðE1Þ ΔðE1 þ Δ1Þ
ΔEa [meV] 4.2� 0.3 4.6� 0.7

ΔEb [meV] 8.7� 0.2 23.3� 0.5

T [ps] 11.0� 0.2 11.4� 0.4

δ [rad] 2.58� 0.06 2.6� 0.1

τa [ps] 20� 4 18� 7

τb [ps] 23� 2 42� 3
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σeii
σpii

¼ C
3β

∂Eg

∂P
1

ðE � EgÞ
(17)

to the stress for different pump wavelengths is given in Table 4.
For the 800 nm pump pulse, the electron–hole contribution is

much larger than the thermal contribution, while for the 267 nm
pulse, the two contributions are about the same. The relation
between the strain ε33 and stress tensor components is given
by the compliance tensor components for diamond symmetry
(Oh space group)[36,37]

ε33 ¼ ðS11 þ 2S12Þσ (18)

where σ ¼ σ11 ¼ σ22 ¼ σ33 since the stress is isotropic.[8]

The compliance tensor components can be calculated from
S11 þ 2S12 ¼ ðC11 þ 2C12Þ�1,[38] where the elastic constants
C11 and C12 are components of the stiffness tensor. We use
C11 ¼ 1.285� 107 and C12 ¼ 0.483� 107 N cm�2 for Ge (see
Table 3.6a in ref. [38], which agrees with values provided by
McSkimin[39]). For Ge measured with the 800 nm pump pulse,
this results in

εel ¼ ðS11 þ 2S12Þ �B
∂Eg

∂P
N

� �
� �6.4� 10�4 (19)

and

εph ¼ ðS11 þ 2S12Þ � 3Bβ
C

ðE � EgÞ
� �

� �1.2� 10�4 (20)

The total strain ε33 ¼ εel þ εph ¼ �7.6� 10�4 compares rea-
sonably well to the value of the out-of-plane strain estimated from
the energy shift amplitudes ΔEa. Using Equation (8) and (9), the
calculated energy shifts are ΔE1 ¼ ΔðE1 þ Δ1Þ ¼ ΔEH ¼
11meV, which is in reasonable agreement with ΔEa of 4.3
and 4.5meV in Table 3 considering the large uncertainty of
the carrier concentration.

In the case of Si, the calculated strain ε33 is significantly
smaller, on the order of 7� 10�6 for the 267 and 800 nm pump–
pulse data sets, and 2� 10�5 for the data measured with the
400 nm pump pulse. Due to the negative pressure dependence
of the indirect gap, which is ∂Eg= ∂P ¼ ∂EΓX= ∂P ¼
�1.5� 10�11eVPa�1,[40] the electron–hole and thermal contribu-
tions do not add up as in the case of Ge, but partly cancel one
another. A possible explanation for the non-detectability of CAP
oscillations in the critical point parameters of Si (Figure S2,
Supporting Information) might be the smaller wavelength of
E1 and the larger velocity of sound, which causes the strain pulse
to leave the probed volume faster than for Ge, as illustrated in
Figure S4, Supporting Information.

4. Conclusion

The pseudodielectric function of Ge and Si measured with
pump–probe SE is analyzed by fitting analytical critical point line-
shapes to the second derivatives of the pseudodielectric function
with respect to energy to obtain energies, broadenings, excitonic
phase angles, and amplitudes of the E1 and E1 þ Δ1 critical
points in Ge and E1 in Si as functions of delay time. In the tem-
poral evolution of E1 and E1 þ Δ1 in Ge, CAP oscillations are
observed. The measured period of 11 ps compares very well with
the expected value. The pump–pulse-induced strain estimated
from the amplitude of the oscillations in the energy shifts is
in reasonable agreement with the strain calculated from theory.
Coherent phonon oscillations are not detected in the case of Si,
probably due to the shorter wavelength of E1 and larger velocity
of sound compared to Ge, which is related to the decay of the
oscillations. Future work will address open questions regarding
the behavior of the E1 and E1 þ Δ1 critical point parameters
by investigating effects related to the laser-induced carrier density
by considering bandgap renormalization and phase-filling effects.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Table 4. Ratio σeii=σ
p
ii of the electron and thermal contributions to stress.

Pump wavelength Ge Si

800 nm 5.3 �7.5

400 nm 2.0 �1.6

267 nm 1.2 �0.9
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