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A quantitative understanding of the electron-phonon interaction is important, particularly for the thermal
management of electronic devices, which are built mostly on doped silicon. Here, we performed inelastic
X-ray scattering measurements on electron-doped and hole-doped bulk silicon crystals along I'-X and directly
quantified the mode- and momentum-dependent electron-phonon scattering rates of the optical phonon modes.
We found the electron-phonon interaction as has been indicated; in electron-doped silicon, phonon scattering
by this interaction occurs around 0.3 I'-X for the longitudinal phonon mode, supporting the g-type intervalley
scattering. In hole-doped silicon, a nonzero scattering rate is observed only in the vicinity of the zone center.
The experimental results quantitatively agree with the calculations, which also explain the experimental results

of the thermal conductivity.
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I. INTRODUCTION

Silicon is the imperative material for versatile applications
such as diodes and transistors. The effects of doping on the
transport of charge carriers, either holes or electrons, have
been extensively studied. In contrast, phonon-related proper-
ties, which contribute to the thermal properties and carrier
mobility, remain to be elucidated. Particularly, the electron-
phonon interaction is important as it inhibits the carrier
mobility and causes Joule heating. In terms of the thermal
management of electronic devices, the phonon scattering by
this interaction not only generates Joule heat via hot-carrier
relaxation but also influences the dissipation of the heat by
inhibiting the phonon transport that takes the heat out. During
device operation with an electric field applied, the electrons
and phonons are distributed spatiotemporally with highly
nonequilibrium populations over different modes (momen-
tum and branch). Thus knowledge of the electron-phonon
scattering rates needs to be acquired in a mode-dependent
fashion.

Discussions of the microscopic mechanism of the electron-
phonon interaction in the optical phonon modes of doped
silicon so far have relied on theoretical analyses [1,2]. The
interaction induces both electron and phonon scattering. For
electron-doped silicon, where the Fermi energy locates around
the bottom of the conduction band at k = (k,0,0), k ~
0.83, the electron-phonon scattering occurs via intervalley
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scattering; one is g-type scattering, where the electron is
scattered from (k,0,0) to (—k,0,0) and the other is f-
type scattering from (k, 0, 0) to (0, £k, 0) or (0,0, k). In
g-type scattering, the electron scattering accompanies the
phonon scattering of q = (2 — 2k, 0,0) ~ (0.34,0,0) due
to the umklapp scattering. On the other hand, for hole-
doped silicon, where the Fermi energy locates around the
top of the valence band, both the electron and phonon
scattering are restricted around the zone center, known as
intravalley scattering. Recently, owing to the expansion of
computational capability, it has become accessible to perform
calculations using the density-functional theory (DFT) to help
understand the detailed mechanism of the electron-phonon
interaction [3—10]. The calculations can explain how carrier
mobility varies with the dopant, carrier concentration, and
temperature [5-9]. These calculations have also established a
detailed understanding of the thermal conductivity and sug-
gest that the electron-phonon interaction can significantly
enhance the phonon scattering in heavily doped silicon [3].
Experimental evidence of the electron-phonon interaction
on phonon scattering is reported for acoustic phonons at a
specific frequency (~250 GHz) [11]. Inelastic neutron scat-
tering (INS) measurements observed the renormalization of
the acoustic phonon modes in doped silicon [12]. Raman scat-
tering spectroscopy, a conventional method to study phonons
with terahertz frequency, is not adequate for estimating this
interaction, owing to another resonant (Fano-type) interac-
tion with continuum electronic states [13]. To evade this
resonant interaction, the observation of coherent phonons is
required, and Ref. [14] succeeds in estimating the lifetime
of heavily hole-doped silicon at the zone center. When we
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broaden our perspective to other materials, INS and inelas-
tic x-ray scattering (IXS) measurements have facilitated a
comprehensive estimation of the mode-dependent phonon
lifetime and renormalization [10,15-21], including the es-
timation of the electron-phonon interaction [10,21]. In this
paper, we have conducted IXS measurements to directly probe
the phonon lifetimes of the optical phonon modes along I'-X
and quantify the mode-dependent electron-phonon scattering
rates. The experimental results are quantitatively reproduced
by first-principles calculations. Furthermore, the calculations
only including the phonon-phonon and electron-phonon in-
teractions also reproduce the observed thermal conductivity,
suggesting the impurity and/or defect scattering does not play
a significant role in the phonon scattering below ~10%° cm~3,
in contrast with electron scattering by phonons in the carrier
mobility.

II. METHODS
A. Sample preparation

The doped silicon crystals were grown in SUMCO Cor-
poration with the Czochralski (CZ) method. The doping
is controlled by intentionally adding boron (for hole dop-
ing) or phosphor (for electron) during the growth. These
dopants are incorporated into silicon, following the segrega-
tion coefficients of these atoms. All grown crystals contain
no dislocation, confirmed by an x-ray topography method
[see also Sec. 1 in the Supplemental Material (SM) [22]],
while they include oxygen as an impurity (1 x 10'® cm™3).
The carrier concentration was evaluated from the resis-
tivity measurements [25]; the resistivities of the lightly
hole-, heavily hole-, and heavily electron-doped samples are
24.4-25.5 Qcm (corresponding to a carrier concentration
of p~ =5 x 10" cm™), 5.5 mQcm (p* =2 x 10" cm™3),
and ~1.0 mQcm (n* ~ 8 x 10" cm™3), respectively. The
samples utilized for this study are supposed to rarely include
inactive (not ionized) dopants, because Refs. [26,27] indicate
that the ratios of the inactive dopants are less than 5% for these
doping levels. For the IXS measurements, the samples were
cut into 20 x 20 x 0.8 mm? size, along the (110), (110), and
(001) crystal orientations.

B. Inelastic x-ray scattering

The IXS measurements were performed on the BL35XU
beamline at the SPring-8 synchrotron facility. We used the
Si(11 11 11) reflection on the backscattering geometry, which
corresponds to an incident x-ray energy of hv = 21.747 keV.
The incident beam was focused by a bent cylindrical mirror,
and the beam spot size was ~70(width) x 50(height) um? at
the sample position. The scattered photon by the analyzers
is detected by CdZnTe crystals. The total energy resolution
in optics [g(w) in Sec. 2-2 in SM [22]] varies from 1.4
to 1.8 meV [full width at half maximum (FWHM) of a
Voigt function [28]], and this fluctuation depends both on
the analyzers and beamline setup. Hence the energy res-
olution at each analyzer was estimated using the standard
material, polymethyl methacrylate (PMMA), when a new
beamline setup was made. Adjusting the slits before the an-

alyzers, we obtained a momentum resolution of 0.7 nm~!,

or AQ = (0.06,0.06,0.02) in reciprocal lattice units. All
measurements were conducted at 7 ~ 300 K. Given the fact
that the x-ray attenuation length of Si is relatively large
(>1 mm) at this photon energy, the transmission (Laue)
geometry was applied along the (001) direction. In the
present study, in order to estimate the electron-phonon inter-
action, we focused on the optical phonons, since the phonon
linewidth of the acoustic phonon is expected to be much
smaller [3] than the current experimental accuracy. It is
known that, in bulk silicon, the optical phonon contributes
much less to the thermal conductivity than the acoustic
phonon [29]. In nanostructures, however, the longitudinal op-
tical phonon mode (LO) is expected to make a significant
contribution to the thermal conductivity [29]. In order to
confirm reproducibility and to obtain precise data, several
measurements were conducted on two different batches. The
obtained data were analyzed statistically at each momentum,
q = (¢00), along the I'-X direction [see also Sec. 2-1 in
SM [22]].

C. Calculations

We calculate the phonon scattering rates as well as the
thermal conductivities considering both the phonon-phonon
and phonon-electron interactions by using the QUANTUM
ESPRESSO [30], SHENGBTE [31], and EPW [32] packages. A
norm-conserving pseudopotential with the Perdew-Zunger
exchange-correlation functional is employed in the DFT and
density-functional perturbation theory (DFPT) calculations.
The spin-orbit coupling is taken into account in order to
capture the nondegeneracy of the valence band edge of
Si. The DFT calculation is performed on Monkhorst-Pack
16 x 16 x 16 k-mesh grids, and the DFPT on 6 x 6 x 6
g-mesh grids. Third-order force constants are computed
using a 4 x4 x4 supercell with a cutoff distance of
fourth-nearest-neighbor atoms. With these prepared inputs,
the phonon-phonon scattering rates are computed on 60 X
60 x 60 g-mesh grids, and the phonon-electron scatter-
ing rates are computed on 60 x 60 x 60 g-mesh grids,
where each grid scatters with 120 x 120 x 120 k-mesh
grids.

III. RESULTS AND DISCUSSION
A. Extracting phonon scattering rates

Representative raw spectra are shown in Fig. 1; the
dots display IXS results of the optical phonon modes at
I' [Figs. 1(a)-1(c)] and X [Figs. 1(d)-1(i)] for the lightly
hole-doped (p~), heavily hole-doped (p*), and heavily
electron-doped (n™) samples. In silicon, as a nonpolar semi-
conductor, the three optical phonon modes are degenerated at
I', and these modes are separated to two degenerated trans-
verse optical (TO) modes and a single LO mode at ¢ > 0 in
the I'-X direction [see also Fig. S2 in SM [22]]. The spectra in
Figs. 1(d)-1(f) correspond to the TO mode at X [X(TO)] and
those in Figs. 1(g)—1(i) are the LO mode [X (LO)]. The green
lines, or shaded areas, in Fig. 1 are the experimental resolu-
tion function [g* & in Sec. 2-2 in SM [22]]. At the I' point,
the spectra for the heavily hole-doped samples show a clear
broadening [p™", the fitting result shown in black in Fig. 1(b)],
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FIG. 1. Experimental phonon linewidth broadening at (a)—(c) I', (d)—(f) X(TO), and (g)-(i) X (LO) for lightly hole-doped (p~), heavily
hole-doped (p™), and heavily electron-doped (n") samples. The green shaded areas are the experimental resolution function. The blue [(a), (d),
(g) for p~], black [(b), (), (h) for p*], and red [(c), (f), (i) for n*] are the results of the fit [22]. The difference of those from the green areas

corresponds to the linewidth broadening due to the phonon scattering.

while the spectra for lightly hole-doped [p~, blue in Fig. 1(a)]
and heavily electron-doped [nt, red in Fig. 1(c)] samples
show a small broadening. In the harmonic approximation, the
IXS spectra and resolution function should have the same
linewidth, because no phonon scattering occurs in this approx-
imation. Under the simplified phonon self-energy assumption
(Xq,), for the jth phonon branch at a momentum q), on the
other hand, deviation from the harmonic approximation is
expressed as a Lorentzian with a shift of Re X ; and broaden-
ing of 2Im Xy ; [15,22]. The estimated phonon linewidth, or
scattering rate (2Im X opgicar) is ~0.2 meV for the p~ and nt
samples, and ~0.7 meV for the p™ samples [for the detailed
procedure, see Sec. 2-2 in SM [22]]. This linewidth for the
p~ samples is similar to that in a study of Raman measure-
ments (~0.3 meV) for mostly pristine, or undoped, silicon
with >103 Qcm [33]. We have performed a similar procedure
for the spectra at X [Figs. 1(d)-1(i)]; the estimated phonon
linewidth of TO [Figs. 1(d)-1(f)] (2Im Xx o) is commonly
~0.2 meV, and that of LO [Figs. 1(g)-1(1)] 2Im Xx 10) is
~0 meV.

The phonon scattering rate can be divided into contribu-
tions from different events, according to the Matthiessen’s
rule [34],

— (ph-ph) (el-ph) (imp)
ZImEq’j_ZImEq‘j +21m2q‘j +21m2q’j . (1)

In other words, the phonon linewidth consists of the
phonon-phonon scattering (the phonon lifetime is given
as TPV = ;i/2Im )Il(pil Py electron-phonon  scattering

(t, (el'Ph) = h/2Im E(el PM). and phonon scattering by im-

purltles and/or defects (r(lmp) h/2Im E(lmp)) When the
sample is a single crystal with a large enough size
with respect to the phonon mean free path, the bound-
ary scattering is negligible. In a pristine silicon crystal,
the contribution of the phonon-phonon scattering domi-
nates, while the contributions of the electron-phonon and
impurity /defect scattering need to be considered for the doped
samples.
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FIG. 2. Phonon scattering rates of LO and TO along I'-X for the (a), (d) p~, (b), (¢) p*, and (c), (f) n* samples. The dots are the
experimentally obtained scattering rates. (a), (d) The blue shaded areas correspond to the phonon-phonon scattering rates of the p~ samples.
(b), (e) The black and (c), (f) red shaded areas are the calculated phonon scattering rates of p™ and n*, that consist of the contributions of
the phonon-phonon (blue) and electron-phonon (green) interactions. Open circles in (a) and (d) indicate the phonon scattering rate obtained
from the Raman measurement [33]. The error bars are the standard deviation at each g; (a), (d) £0,- ;, (b), (e) £0o,+ ;, and (c), (f) £o,+ ;

(j = LO, TO).

B. Momentum-dependent scattering rates

The comparisons between the measured and calculated
phonon scattering rates (2Im X ;) are depicted as functions
of the momentum along the I'-X direction in Fig. 2. The mea-
surements were achieved several times at each ¢, as mentioned
above (the number of trials N is N = 5-20 [22]), and the
standard deviation o is displayed as error bars (+0), as seen in
Fig. 2. The phonon-phonon scattering (blue shaded areas) well
supports the experimental spectra (dots) for the p~ samples
[Figs. 2(a) and 2(d)]. Furthermore, for the p* and n™ samples,
the calculated scattering rates (black and red shaded areas),
that are the sum of the contributions of the phonon-phonon
(blue) and electron-phonon (green) interactions, also agree
with the experimental results (dots) [Figs. 2(b), 2(c), 2(e),
and 2(f)]. It is worth noting that the calculated phonon-phonon
scattering rate (blue) reasonably agrees with that in a previous
study [35].

From Figs. 2(a)-2(f), we can experimentally extract the
contribution of the electron-phonon interaction, 2 Im E(elj'ph)
(j = LO, TO), using the difference of experimentally’ob—
tained 2 Im Xy ;, based on Eq. (1),

2Im 7P (p*) = 2Im g ;(p*) = 2Im T ;(p7)
and

2Im szlj'l’h)(nﬂ =2Im Sy ;(n") —2ImZq,;(p7), ()

under the assumption that the phonon linewidth of the
p~ samples only includes the phonon-phonon scattering
2ImEy;(p7)=2Im Efl"’l;’ph)]. The results are shown in
Fig. 3. In this figure, the error bars are taken from the
larger value of o in Fig. 2 [i.e., max(o,+ 10, 0p-L0)s
max(o,+ 10, 0p-10), and so on]. Note, these error bars mostly

agree with the 99% highest density intervals (HDIs) from
a Bayesian inference at the momenta (¢00) which we are
interested in [see Sec. 2-3 in SM [22] for details]. For the p™
samples, a large scattering rate is observed only in the vicin-
ity of I (for example, the experimentally estimated phonon
scattering rate at I", 2 Im El(fi]‘;gg)cal, is 0.46 + 0.10 meV), that
agrees with the calculations quantitatively [see Figs. 3(a)
and 3(b); see also Sec. 2-4 in SM [22]]. This large scattering
rate corresponds to the intravalley scattering for hole-doped
silicon [1,2,9].

For the n™ samples, some weak feature is observed broadly
in the range between g ~ 0.2 and ¢ ~ 0.7 in LO [dots in
Fig. 3(c)], while no clear feature is observed in TO [Fig. 3(d)].
These experimental results reasonably follow the calculations
(green lines). The LO scattering centered around g ~ 0.3 cor-
responds to the g-type intervalley scattering. From the group
theory, or the selection rules, this g-type phonon scattering
is prohibited for TO and only allows LO [36,37], support-
ing both our measurements and calculations. The estimated
scattering rate, 2Im B} o 1 o- for the n™ samples is 0.11 &
0.10 meV.

C. Phonon dispersion relations

Under a strong electron-phonon interaction, a peak renor-
malization, nonzero Re X ;, is expected. In fact, Ref. [12]
reports the renormalization of the acoustic phonon modes for
>5 x 10" cm~ doped silicon. In the current measurements,
on the other hand, all the measured phonon dispersion rela-
tions [dots in Figs. 4(a) and 4(b)] agree with the calculated
dispersion in the harmonic approximation (blue lines) within
the experimental uncertainty, and no clear renormalization is
observed.
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FIG. 3. (a), (b) Experimentally obtained (dots) and calculated (lines) electron-phonon scattering rates of (a) LO and (b) TO for the p*
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FIG. 4. (a), (b) Optical phonon dispersion relations along I'-X.
The dots are the experimentally obtained phonon dispersion relations
of (a) LO and (b) TO for the p~, p*, and nt samples. The lines
are the calculated dispersion in the harmonic approximation, without
including any phonon scattering. Each dot includes the standard
deviation o as an error bar of +o, while it is not clearly visible in
this figure. (c) The carrier concentration dependence of the thermal
conductivity. The experimentally obtained results are taken from
Refs. [38] (¢), [39] (o), and [40] (1), in addition to the present study
(solid circles). The red and black lines are the calculated thermal
conductivity.

D. Thermal conductivity

In the case of electron scattering, the ionized impurity
scattering strongly suppresses the mobility at >10'® cm =3 [9].
In the case of phonon scattering, on the other hand, the
impurity /defect scattering seems to make a small contribu-
tion, because the experimentally observed phonon scattering
rates are well reproduced by the calculations which con-
sist of phonon-phonon and electron-phonon scattering only
[Figs. 2(b), 2(c), 2(e), and 2(f)]. To confirm this, we have
measured the thermal conductivity at 7 = 296-297 K [for the
detailed method, see Sec. 3 in SM [22]], and summarized the
measured and calculated thermal conductivity in Fig. 4(c).
In Fig. 4(c), the experimentally reported values for single
crystals in previous studies [38—40] are also displayed. In the
current calculations, the (lattice) thermal conductivity « can
be written as

1
=3 > Cojve Ta- 3)
q.j

Here, vq,; is the phonon group velocity and Cy ; is the specific
heat. The calculations only including the phonon-phonon scat-
tering ré??'p " and the electron-phonon scattering tﬁ.’p " [lines
in Fig. 4(c)] well reproduce the experimental values, except
for the higher concentration (> 10% c¢m™3). This indicates that
the influence of the impurity/defect scattering is minute in
the current study, probably because the electrons and phonons

have different mean free paths [5].
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IV. CONCLUSIONS

In summary, our work demonstrates a direct experimental
extraction of momentum-dependent electron-phonon scatter-
ing rates in the optical phonon mode of heavily doped silicon.
While the optical phonon dispersion relations are reproduced
by a harmonic approximation and do not depend on the type
of the doping, their scattering rates significantly differ. The
extracted electron-phonon scattering rates agree well with
those obtained from the first-principles lattice dynamics. Fur-
thermore, both the measurements and calculations indicate
that, for the samples investigated (<102 cm = at T ~ 300 K),
the phonon-phonon and electron-phonon scattering dominates

the phonon scattering. Since the electron-phonon interaction
commonly exists in semiconducting materials, the direct esti-
mation in this study can be applied to other materials.
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