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ABSTRACT:

Ultrafast spectroscopy of coherent acoustic phonon (CAP) dynamics has recently
been proposed as a method to characterize acoustic deformation potential (ADP), a key
standard to quantify carrier-acoustic phonon coupling in semiconductors. In this Letter,
we illustrate the importance of addressing the diffusion effect in ADP characterization
by this method, using Ge as the demonstration system. It is found that the ADP
mechanism and the thermoelastic effect have comparable contributions to CAP
generation in Ge. Due to the different dependences on pump photon energies, the roles
of these two mechanisms were assessed by varying pump wavelengths, based on which
the ADP coupling constant of Ge was obtained. The analysis reveals that the carrier
diffusion has a considerable impact on the shape of the CAP wave packet and must be
processed cautiously for the ADP characterization for Ge.

Keywords: acoustic deformation potential, coherent acoustic phonon, ultrafast
spectroscopy, carrier diffusion, germanium.
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Interaction of carriers and acoustic phonons is the key to determine important
physical properties such as thermal conductivity, carrier mobility, and emission
linewidth. To quantify carrier-acoustic phonon coupling in semiconductors, acoustic
deformation potential (ADP) was proposed, which describes electronic energy change
by strain caused by long-wavelength longitudinal acoustic phonons [1, 2]. Although ab
initio calculation can render the information about ADP [3, 4], it is elusive to extract
the ADP parameters experimentally. Pressure-dependence measurements of optical
properties can be applied to deduce the derivatives of energy gaps versus strain [5], but
such methods may involve sample contamination by working mediums. Besides, the
band-edge ADP parameters are related to carrier mobilities [1] and can be electrically
measured. However, electrical measurement can only render absolute values of the
ADP parameters and cannot distinguish carrier-acoustic phonon scattering from other
scattering channels such as impurity scattering. Overall, there still lacks of a complete
and accurate experimental technique for ADP characterization.

Ultrafast spectroscopy is powerful for studying coupling of electronic excitation
with phonons [6-9]. One intriguing discovery by ultrafast spectroscopy is generation of
coherent acoustic phonons (CAPs) [10, 11], which has been explored both
fundamentally and technically [12-16]. Recently, experimental studies demonstrated
that the dependence of CAP dynamics on excitation photon energies could be utilized
to characterize the ADP of perovskites [17, 18]. This method relies on the fact that the
photo-excited carriers impose a transient Coulomb force on the lattice through the ADP
mechanism, contributing to CAP excitation. This non-invasive optical method provides
an alternative way of ADP characterization, shows a great prospect for deepening our
understanding of carrier-phonon coupling, and therefore deserves further exploration.
Nevertheless, the influence of the carrier/heat diffusion, a key factor which can modify
the CAP wave packet [12, 13], on the ADP characterization accuracy has not been
explicitly discussed.

In this Letter, we reveal the importance of addressing the diffusion effect
judiciously in ADP characterization by CAP dynamics, using Ge as the demonstration
system. With a comprehensive study of the CAP dynamics for single-crystalline Ge, it
is found that the ADP mechanism and the thermoelastic (TE) effect have comparable
contributions to CAP generation in Ge. For Ge, the carrier diffusion has a significant
impact on the CAP dynamics and hence the ADP characterization due to the faster

carrier diffusion. Without carefully considering the carrier diffusion, the CAP-based
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method can result in an absurdly irrational ADP coupling constant of Ge. This work
paves the way for wider applications of the CAP-based analysis for study of electron-
phonon coupling in semiconductors.

An intrinsic single-crystalline Ge (100) wafer with 0.5 mm thickness was used in
this work. The output of an Yb: KGW femtosecond laser at 1030 nm with a repetition
rate of 50 kHz (Pharos 10 W, Light Conversion) is split into two beams with a
beamsplitter, as the pump and the probe. The pump and the probe go through two
optical parametric amplifiers (Orpheus-N-2H and Orpheus-F, Light Conversion) for
wavelength tuning. The probe is delayed versus the pump by a mechanical stage. The
pump is modulated by a mechanical chopper at 500 Hz, and the transient reflectivity
signal is processed by a lock-in amplifier (SR860, Stanford Research Systems)
synchronized with the modulation signal. The pump spot is elliptical with the average
spot diameters (1/e?) 164, 128, and 187 pum at wavelengths 650, 680, and 800 nm,
respectively. The corresponding pulse widths are 102.5, 141.2, and 118.2 fs measured
by an autocorrelator (GECO, Light Conversion). The probe has spot diameters (1/e?) in
the range of 35 - 62 um and pulse widths shorter than 200 fs.

Generation and detection of CAPs. The Ge sample was first tested with 800 nm
pump and varied probe wavelengths from 625 to 920 nm. A typical transient reflectivity
signal AR/R is presented in Fig. 1(a). After a sharp decrease and recovery signal
associated with carrier excitation, a decaying oscillation signal (CAP signal) along with
a slow recovery background appears. The inset of Fig. 1(a) illustrates generation and
detection of the CAPs. The pump is absorbed near the sample surface due to the higher
photon energy, 1.55 eV, than the band gap of Ge, 0.66 eV [19]. A CAP wave packet,
i.e. a strain wave, is generated through both the electronic stress (related to ADP) and
thermal expansion. Part of the strain wave travels into the sample while the rest towards
the surface and is reflected, leading to a bipolar acoustic pulse [20]. The strain
modulates the local dielectric constant, forming a moving optical interface. The probe
is reflected at both the surface and this travelling interface. The oscillation signal is due
to the interference of these two reflected beams. By removing the slowly varying
background with a smoothing function (adjacent-averaging), the CAP signal can be
obtained. Figure 1(b) presents the signals with the probe wavelengths 625, 730, and 920

nm, respectively. The solid lines were obtained through fitting with:
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where A, t, 7, f, and ¢ are the amplitude, the time delay, the decay time, the frequency,
and the initial phase, respectively. As shown in Fig. 1(c), the extracted oscillation
frequency f divided by twice the real part of the refractive index (n) [21] is inversely
proportional to the probe wavelength Ao, consistent with the picture of Brillouin
scattering [22], for which f/(2n)=v/A,r with v being the longitudinal acoustic velocity
[23]. The fitted slope is 4789.9+93.8 m/s, close to the reported sound velocity, 4870
m/s, perpendicular to the (100) plane of Ge [19]. This small discrepancy might come
from the selection of the refractive index. Overall, this test justifies that the oscillation
signal is caused by CAP propagation and guides the probe wavelength selection for

ADP characterization.
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FIG. 1. (a) The transient reflectivity signal with 800 nm pump at the fluence of 0.5
mJ/cm? and 730 nm probe. The inset shows the schematic for CAP generation and
detection: a CAP wave packet (a bipolar-shape strain wave, the blue curve) is excited
by the pump and propagates into the sample at the longitudinal acoustic velocity; the
strain alters the dielectric constant, forming a moving optical interface (the dashed line);
the probe (the red arrow) is reflected partially at the surface and partially at the
travelling interface; the interference of the two parts of reflection causes oscillation in
the transient reflectivity signal. (b) The oscillation parts of the transient reflectivity
signals probed at 625, 730, and 920 nm, with 800 nm pump at the fluence of 0.5 mJ/cm?.
The dots represent the experimental data and the solid lines are the fitting curves based
on Eq. (1), which are offset for clarity. (c) The relationship between f/(2n) and 1/pr.
The squares represent f/(2n) with f extracted experimentally. The error bars do not
exceed the size of the symbols and are not shown. The red line represents the linear
fitting function.

Pump fluence-dependent CAP-signal amplitude. We tuned the pump wavelength
with the probe wavelength fixed at 740 nm (for which the oscillation signal is
sufficiently strong and long-lasting). Figure 2(a) presents the CAP-induced oscillation
signals with pump wavelengths 650, 680, and 800 nm and the fitting curves based on
Eq. (1). The extracted oscillation amplitude A as a function of the pump fluence is
shown in Figs. 2(b). The data points for 650 and 680 nm are shifted up for clarity. The
solid lines in Fig. 2(b) represent the linear fitting of the first 4 amplitude values for each
pump wavelength. Overall, the amplitude is larger at shorter pump wavelength and
increases linearly with pump fluences when the fluence is below 0.63 mJ/cm?. At higher
fluence, the trend shows a sublinear relation. The first possible reason for this sublinear
regime is screening of carrier-phonon coupling by high-concentration carriers [24, 25].
As previously reported experimentally, such screening occurs in Si when the carrier
concentration exceeds 2x10%° cm™[24]. The sublinear trend here begins at 0.63 mJ/cm?,
corresponding to a carrier concentration of 1.15x10%° cm™ for 680 nm, which is
reasonable considering the similar electronic structures and non-polar features of Si and
Ge [25]. Additionally, band filling, which may saturate pump absorption at high carrier
concentrations, can also lead to such a sublinear trend [24]. Auger recombination at
high carrier concentrations should lead to a superlinear trend and thus cannot explain
our results [26]. A similar sublinear trend was observed in the CAP dynamics of MoS;

[27]. The extracted frequency f and decay time 7 as functions of the pump fluence are
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shown and explained in S1 in Supplementary Material [28]. The decrease of the decay
time at higher fluence may come from stronger absorption of the probe and enhanced
carrier-phonon scattering due to increased free carrier concentrations, which is not the
focus of this work since only the amplitude is used for extracting the ADP coupling
constant. For ADP characterization, the pump fluence 0.315 mJ/cm? is selected to avoid

the above-mentioned complicated effects.
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FIG. 2. (a) The CAP signals under pump wavelengths 650, 680, and 800 nm, at the
fluence of 0.315 mJem?, probed at 740 nm. The empty dots represent the experimental
results and the solid curves represent the fittings with Eq. (1). (b) The oscillation
amplitude as a function of the pump fluence from 0.157 to 1.57 mJ/cm?. The solid lines
represent the linear fitting of the first 4 values for each pump wavelength. The data
points for 650 and 680 nm are shifted up by 4x102 and 2x102 in (a) and 1x107 and
0.5x1073 in (b) for clarity.

Effect of the diffusion on ADP characterization. As a maturely developed
semiconductor, the physical properties of Ge are well-known, including the ADP-
related parameters. The reported ADP coupling constant (OEg¢/On with Eg being the band
gap and # indicating the strain) of Ge, -4 eV from ab initio calculation [3] and -3.75 eV
from pressure dependent reflectance experiments [5] are reasonably close to each other.
To further prove, we also performed ab initio calculation with density functional theory
(DFT) to extract the band edge ADP parameters for the conduction and the valance
bands, Dc and Dy (the derivative of the conduction band minimum and the valance band
maximum versus the strain, D¢-Dy = 0Eg/0r), from acoustic phonon scattering rates of
Ge [36] (see S2 in Supplementary Material [28]). The result, |Dc|[+|Dy| = 4.1 eV (this
calculation strategy, similar to electrical measurement [1], can only render the absolute
values), also agrees well with the literature values [3, 5] (It implies that D and Dy have
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opposite signs [1]). Thus, the ADP coupling constant of Ge around -4 eV can be safely
used as a reference to test the accuracy of the CAP-based characterization method.
The electrostriction and the inverse piezoelectric effects are excluded for CAP
generation because of the larger pump photon energies than the band gap and the
centrosymmetric lattice for Ge [10], which are also advantages of taking Ge for
demonstration. Consequently, two mechanisms, the ADP mechanism and the TE effect,
contribute to CAP generation in Ge. The former results from the Coulomb interaction
between the photo-excited carriers and the lattice through the ADP. The stress caused

by the two mechanisms is described as [12, 37]

a(z,t):_sa;; N (2,t)—3BAT (2,t) @

where B is the bulk modulus, Eq is the band gap, P is the pressure, and f is the linear
thermal expansion coefficient. N(z, t) and AT(z, t) are the photo-excited carrier density
and the lattice temperature rise dependent on the distance from the surface z and the
time t. On the right-hand side of Eq. (2), the first term represents the contribution from
the ADP mechanism, in which -BoEy/0P=0Ey/0n corresponds to the ADP coupling
constant, while the second accounts for the TE effect. Considering the carrier and the
thermal diffusion, N and AT can be evaluated by [12]
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where apy is the absorption coefficient for the pump, Ry is the reflectance, Epy is the
pump photon energy, F is the pump fluence, p is the density, and C is the heat capacity.

The functions ®,and ®; can be expressed as following [12]
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where Dy and Dt indicate the carrier and the thermal diffusion coefficients.

According to Egs. (2) - (6), the stresses induced by the ADP mechanism and the
TE effect depend differently on Epy because N is related to the number of photons
absorbed per unit volume while AT is related to the kinetic energy of the carriers. If the

ADP mechanism dominates, the stress ¢ and thus the strain # (related to the oscillation
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amplitude) should be proportional to 1/Ep, while if the TE effect dominates, they should
scale with (1-Eg/Epu). Therefore, the dependence of the CAP signal amplitude on Epy
contains the quantitative information about the relative magnitude of the two
contributions. For pre-estimation, based on a previous experimental study [5], the ADP
coupling constant of Ge is about -3.75 eV. The contribution ratios between the ADP
mechanism and the TE effect, estimated by (0E¢/0P)pC/[35(Epu-Eg)], for pump
wavelengths 650, 680, and 800 nm are 3.72, 3.98, and 5.20, respectively (see S3 in
Supplementary Material [28]). Therefore, in our experiments the two mechanisms
should have comparable contributions to CAP generation, different from the cases for
GaAs, Si, GaP, and GaN, for which the ADP mechanism dominates [13, 37, 38]. With
the thermal properties known, the CAP amplitude variation versus Epy can yield the
ADP coupling constant.

The carrier and the thermal diffusion may affect the strain wave shape since they
can change the spatial distribution of the stress and a dimensionless parameter, Dopu/V,
can be used to quantify this impact [12], where D means the diffusion coefficient. The
carrier diffusion coefficient can be calculated with the carrier mobility, which depends
on the carrier concentration. With the pump fluence 0.315 mJ/cm?, the photo-excited
carrier concentrations for 650, 680, and 800 nm are 6.93x10%°, 5.76x10'°, and
3.69x10° cm, respectively. These are the estimated concentrations within the pump
penetration depths of Ge, 78.3, 101.4, and 197.6 nm for the 3 pump wavelengths. With
the carrier concentrations on the order of 1x10'° cm, the electron and the hole
mobilities are about 400 and 100 cm?/Vs [39, 40]. The electron/hole diffusion
coefficient Den can be obtained as 10.4 and 2.6 cm?/s from the Einstein relations [41].
The ambipolar diffusion coefficient Dam was evaluated as 4.2 cm?/s with Dam =
2DeDn/(De+Dn) [13]. Note that the consideration of the carrier diffusion does not
change the order of the carrier concentration, so our estimation is reasonable (see S4 in
Supplementary Material [28]). The thermal diffusion coefficient of Ge is 0.36 cm?/s
[19], which is fixed in this work since it is well-determined. The apy values at 650, 680
and 800 nm are 1.23x10° 9.86x10% and 5.06x10% cm™, respectively [19]. Assuming
opu as 1x10° cm™, the dimensionless parameters for the carrier and the thermal diffusion
were estimated as 0.9 (obtained with Dam) and 0.07. According to the previously
proposed criterion [12], the carrier diffusion has a notable impact on the strain wave
shape and may also affect ADP characterization, while the thermal diffusion matters
little for Ge.



Combining Egs. (2) - (6) (see S3 in Supplementary Material [28]), the photo-
induced stress can be calculated. The lattice displacement u and then the strain #=0du/oz
can be obtained by solving the following wave equation with the initial conditions u(z,
0)=0 and du(z, t)/otl=0=0, and the free boundary condition

du(z,t) oo(z,t)
T T &
Figures 3(a) and 3(b) present the calculated strain spatial distributions at 25 and 120 ps

(7)

with different assumed carrier diffusion coefficients (considering the uncertainty of the
carrier diffusion coefficient with respect to the carrier concentration) and the fixed
thermal diffusion coefficient. The ADP coupling constant was taken as -3.75 eV [5]
temporarily. Clearly, the carrier diffusion significantly influences the strain wave shape
by smearing the trailing side, consistent with the analysis based on the dimensionless

parameter, and it must be considered for analyzing the CAP signal.
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FIG. 3. The spatial distributions of the strain in Ge at (a) 25 ps and (b) 120 ps with
carrier diffusion coefficients 0.1, 1, 10, and 100 cm?/s. The curves are shifted vertically
for clarity and the strain at the distance of 1.1 um is zero for all the cases.

The carrier diffusion effect on the ADP characterization accuracy is investigated
next, which may guide future work on carrier-acoustic phonon coupling. For a fixed
probe, the relative change of the reflection coefficient r caused by the CAP-associated
strain can be described by [37, 42]

r(t)
r-0

o [ (2,0 oz ®)



where ro is the complex reflection coefficient for the probe without excitation, kpr
denotes the probe wave number in Ge, z' denotes the integrand variable, and t denotes
the time delay. The oscillation part of the transient reflectivity signal can be further
calculated by AR(t)/R=2Real[or(t)/ro] (see S5 in Supplementary Material for the
deduction [28]) and Fig. 4(a) presents the calculated oscillation signals with the carrier
and the thermal diffusion coefficients taken as 4.2 cm?/s and 0.36 cm?/s. The ADP
coupling constant for these trial results was fixed as -3.75 eV [5]. The amplitudes of
the calculated oscillation signals with different pump wavelengths were extracted with
Eq. (1) and compared with the experimental results extracted from the CAP signals at
the fluence of 0.315 mlem? (Fig. 2(b)).
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FIG. 4. (a) The calculated damping oscillation signals with pump wavelengths 650, 680,
and 800 nm at the fluence of 0.315 mJcm?. Extraction of the ADP coupling constant
by fitting the experimental normalized amplitudes as functions of Ep, assuming
different carrier diffusion coefficients (b) 4.2 cm?/s, (c) 6 cm?/s, (d) 8 cm?/s, (e) 10
cm?/s, and (f) 0 cm?/s. The blue curves correspond to the best fitting while the black
dashed curves illustrate exemplary deviating fitting by improper ADP coupling
constants.

Since the carrier diffusion coefficient has a significant influence on the strain wave
shape and the available value is diverse in literatures due to various carrier and impurity
concentrations, the value of Dam (4.2 cm?/s), and another three assumed values, 6, 8 and
10 cm?/s, were chosen for the carrier diffusion coefficients to calculate the CAP signals.
In addition, we also derived analytically the CAP signals without the carrier and the
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thermal diffusion (see S6 in Supplementary Material [28]) for showing the
unreasonable ADP characterization result with the carrier diffusion ignored. The curves,
showing the relationship between the oscillation amplitude (normalized by the
amplitude under 800 nm/1.55 eV excitation) and E,y, can be calculated by adjusting the
ADP coupling constant to fit the experimental trend. The best fitting curves with
different carrier diffusion coefficients and without diffusion are presented in Figs. 4(b)-
4(f). The best fitting values of the ADP coupling constants were as -27, -8, -4.8, -3.6,
and 6.5 eV, for the carrier diffusion coefficients at 4.2, 6, 8, 10 cm?/s, and neglecting
the diffusion, respectively (see S7 in Supplementary Material [28] for the fitting details).
With the diffusion effect ignored (Fig. 4(f)), there is even a change of the sign of the
ADP coupling constant (6.5 eV versus the well-accepted value around -4 eV). The
dramatic discrepancies among the extracted values testify that the diffusion effect must
be considered carefully during the ADP characterization using the CAP-based method
for Ge and other materials with fast carrier or thermal diffusion. The key of this method
is to evaluate the dependence of CAP signal amplitudes on Epu. Since large Epy often
corresponds to large absorption coefficients and short penetration depths, for which the
diffusion effect becomes more significant, special attention should be paid to the fitting
within the range of large excitation photon energies.

Compared with the reported ADP coupling constant values, -4 eV [3] and -3.75 eV
[5], the obtained ADP coupling constant, -3.6 eV, with the carrier diffusion coefficient
10 cm?/s is the closest, larger than the estimated ambipolar diffusion coefficient 4.2
cm?/s. One reasonable explanation is that the cited mobilities are smaller than the actual
mobilities in our experiments. In literatures [39, 40], the samples were heavily doped
and the accompanied impurities can scatter the carriers and decrease the mobilities.
While in this work, the carriers were excited optically and the photo-induced carrier
mobilities may be several times larger than the literature values [36]. It is noteworthy
that in CAP-based ADP characterization, pump with too large photon energies may
induce multiple electronic transitions and complicate the ADP characterization
especially for multi-valley band structures, the effect of which has not been studied to
the best of our knowledge and is worth future research.

According to the theoretical derivation in two recent works [44, 45], there could be
alternative strategies to obtain the ADP coupling constant based on the CAP dynamics.
If the absolute value of AR/R and the Seraphin coefficient 0¢/OE (¢ is the dielectric

constant and E is the energy) can be accurately measured, then the ADP coupling
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constant can be determined at just one combination of pump and probe photon energies
[44]. However, measuring the absolute value of AR/R consistently requires careful
adjustment of the laser parameters such as pulse widths and spot sizes, which is
technically difficult. Also, measurement of ¢ spectrum usually involves fitting of
ellipsometry data with many parameters, which depends on the familiarity with the
band structure and is often challenging for novel materials. This is also the limitation
of the method in the latter work [45], which relies on critical point energy analysis with
ellipsometry. The method based on E,, dependence analysis only needs to quantify the
relative trend of AR/R versus Epy instead of the absolute value and does not require the
knowledge of ¢, releasing some technical difficulties. As mentioned, there still lacks a
perfect experimental technique for ADP characterization and all these available
methods can be selected and cooperated to boost understanding of carrier-acoustic
phonon coupling.

In summary, we have tested the recently proposed ADP characterization method
based on CAPs with Ge as the demonstration system. It is found that the carrier
diffusion must be taken into consideration in the analysis of the strain wave shape and
the ADP characterization in order to render the reasonable ADP coupling constant, due
to the larger carrier diffusion coefficient of Ge. Similar to the strain wave shape, when
the dimensionless parameter Dapu/v is close to or larger than 1, the diffusion effect
needs to be carefully addressed. This could be a potential limitation of this method.
Generally, thermal diffusion can be quantified by time-domain thermoreflectance,
thermal transient grating, and so on [46, 47] while the carrier diffusion coefficient can
be derived from the electrically measured carrier mobility by the Einstein relations or
measured from transient spectroscopy [43]. In electrical measurement, doping is often
necessary to ensure sufficient carrier density and thus defect scattering is inevitable,
which also influences carrier motion. Since the CAP-based method is optical and
involves no doping, we think measuring the carrier diffusion coefficient by transient
spectroscopy could be a better choice to ensure ADP characterization accuracy.
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