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Spin orientation of photoexcited carriers and their energy relaxation is investigated in bulk Ge by
studying spin-polarized recombination across the direct band gap. The control over parameters such
as doping and lattice temperature is shown to yield high polarization degree, namely larger than
40%, as well as a fine-tuning of the angular momentum of the emitted light with a complete reversal
between right- and left-handed circular polarization. By combining the measurement of the optical
polarization state of band-edge luminescence and Monte Carlo simulations of carrier dynamics, we
show that these very rich and complex phenomena are the result of the electron thermalization
and cooling in the multi-valley conduction band of Ge. The circular polarization of the direct-gap
radiative recombination is indeed affected by energy relaxation of hot electrons via the X valleys
and the Coulomb interaction with extrinsic carriers. Finally, thermal activation of unpolarized L
valley electrons accounts for the luminescence depolarization in the high temperature regime.

PACS numbers: 78.55.Ap, 78.20.-¢, 72.25.Fe, 85.75.-d

I. INTRODUCTION

The coupling between the angular momentum of pho-
tons and the spin angular momentum of carriers, termed
optical orientation,’? has been so far recognized as one
of the main challenges in group IV materials.2* The
poor absorption and emission efficiencies, associated to
the weak electric-dipole transitions of the fundamental
indirect-gap of such semiconductors, jeopardized the op-
tical exploitation of their rich spin physics. Indeed, sil-
icon and germanium feature lattice inversion symmetry
and predominant spin-less isotopes,?® yielding long spin
coherence times.>® This feature is crucial for the effec-
tive implementation of spintronic devices,” and quantum
information processing.2%%

Only very recently, however, the quasi-direct behavior
of Ge has sparked interest in its photonic properties,??
and stimulated the use of various optical schemes aiming
at addressing its spin physics.'* !4 In Ge, the absolute
minimum of the conduction band (CB) is at the L point
of the Brillouin zone, but there exists a local minimum
at the zone-center I'. At low temperature the former
leads to an indirect energy gap of 0.744 eV,'® the lat-
ter to a direct-gap of 0.898 eV.'® Optical orientation via
absorption of circularly polarized photons at the direct
energy gap can then be exploited to readily investigate
the spin properties of Ge.'61? Noticeably, spin-polarized
electrons optically pumped in the T" valley can conserve
their spin during ultrafast scattering to the lower energy
L valleys,'* which are responsible for charge and spin
transport. Such mechanism, which is absent in the widely
studied III-V semiconductors, makes Ge spin dynamics
very rich, but still poorly understood. In addition, it pro-
vides a viable approach to inject spin-polarized carriers in

Ge without relying on ferromagnetic gate stacks, which
are prone to low efficiency and experimental artifacts due
to defects and localized interfacial states.?%:2!

Optical orientation has indeed recently allowed
progress in the investigation of spin dynamics of both
electrons and holes in bulk Ge. Spin relaxation times
of holes have been shown to be below 1 ps,'” whereas
electron spin relaxation times are in the ns range be-
low 200 K.13:22:23 Yet, very little is known about spin flip
scattering by dopants and the role played by impurities
in determining spin dynamics in different temperature
regimes.?42%

Inspired by the quasi direct-gap behavior of Ge and by
the possibility to optically initialize spins, we report in
this work a spin-polarized photoluminescence (PL) study
focused on the recombination across the direct-gap of
bulk Ge over a wide doping and temperature range. We
directly measured the polarization state of the direct-gap
emission by means of Stokes analysis,2® shedding light
on the optical orientation process and on the interplay
between energy and spin relaxation channels. The role
of carrier thermalization and cooling in determining lu-
minescence polarization in Ge are disclosed by Monte
Carlo simulations, in which non-equilibrium kinetics of
photoexcited electrons is used to extract the circular po-
larization degree of the emitted light under steady state
conditions.

Our analysis shows that in Ge the state of light polar-
ization of the direct-gap emission is governed by kinetics
of spin-polarized electrons, highlighting the role of energy
relaxation of hot electrons within the X valleys. The di-
rect comparison between theory and experiments points
out that above 170 K back-scattering of unpolarized elec-
trons from L to I' valley leads to a decay of the circular



polarization degree of direct-gap emission, no matter the
doping of the bulk samples. Remarkably, at tempera-
tures below 170 K a complete reversal of the helicity of
light polarization can be obtained either by changing the
doping level or the lattice temperature. In addition, a
maximum in the polarization degree of the emitted light
is obtained around 100-150 K, reaching in intrinsic Ge
samples surprisingly high values, i.e. larger than 40%.

Such puzzling behavior stems for the complex carrier
dynamics taking place in the multi-valley band structure
of Ge, where the electron spin (and ensuing direct-gap
luminescence polarization) is dictated by cooling of hot
electrons via Coulomb collisions and intervalley scatter-
ing between I', X and L valleys.

The paper is organized as follows. In Sec. II we discuss
the samples and their optical properties, extending the
results to the polarimetric analysis of the PL. In Sec. I1I
we describe in detail the Monte Carlo simulations. These
calculations unravels energy and spin relaxation chan-
nels, finally disclosing their relative contribution in deter-
mining the experimental findings. After having discussed
in Sec. IV the physics underlying the observed phenom-
ena, we then in Sec. V summarize the results and provide
the future perspectives of this work.

II. EXPERIMENTS
A. Experimental Details

We studied a set of bulk Ge(001) samples having a dif-
ferent type and level of doping: (i) a p-type Ge:Ga wafer,
with an acceptor concentration of 3.6 x 10'® cm ™2, named
pT-Ge, (ii) a n-type Ge:As, 6° miscut, with a donor con-
centration of 8.3 x 10¢ cm 3, named n-Ge, (iii) a p-type
wafer with a doping concentration of 1.4 x 10'® cm™3,
named p~-Ge, and (iv) an intrinsic Ge sample, with a re-
sistivity of 47 Q ¢cm, named i-Ge. The doping levels have
been obtained by means of room temperature resistivity
measurements. Sample characteristics are summarized
in Tab. L.

PL measurements were carried out in back-scattering
geometry in the temperature range between 4 and 300 K.
The samples were excited by a Nd : YVO4 laser. The
excitation energy was 1.165 eV and the light was left-
handed circularly polarized (c7). The laser spot size
on the sample surface was about 100 um, resulting in a
power density of ~ 1 kW /ecm?. The polarization state of
the luminescence was probed by a Stoke analyzer, i.e. an
optical retarder followed by a linear polarizer. Hereafter
we define the analyzer angle as the angle determined by
the optical axis of the polarizer and that of the retarder.
In the experiments the analyzer angle spans 360° with
a resolution of 1°. PL was dispersed by a spectrometer
equipped with a thermoelectrically-cooled InGaAs array
detector, with a cut-off starting at about 0.755 eV. The
energy accuracy was ~ 4 meV. The multiple-channel de-
tector measured the amplitude of the PL spectra as a

TABLE I: Ge bulk samples investigated in this work.

Sample resistivity (Q cm) doping (cm™?)
pt 0.0046 3.6 x 10'8
n 0.358 8.3 x 10'°
p~ 2.39 1.4 x 10*°
i 47 ~ 10'3

function of the analyzer angle. The analysis of the peak
amplitude modulation provided the Stokes parameters,
Si, with ¢=0-3, which permit the full characterization of
the polarization state of light.'426:27 Since partially po-
larized light can be considered as a superposition of un-
polarized and completely polarized light, we can define

the degree of polarization, p, as:26:27

p) 2 p)
p:i\/81+82+83 (1)
So
For circularly polarized light, the sign of the polariza-
tion degree has been chosen to be consistent with the sign
of the Stokes parameter S3, which defines whether the
light is left-handed (07 ): —1 < S3 < 0, or right-handed
(67): 0<S3 <1.

B. Photoluminescence

The PL spectra of bulk, undoped Ge(001) are outlined
in Fig. 1(a). At 4 K, the spectral feature observed at
0.885 €V is the direct band gap emission, which is due to
the recombination of holes with electrons, directly photo-
generated within the I' valley by the laser excitation at
1.165 eV. The lifetime of I' electrons is dominated by
their fast scattering out of the optically coupled region
towards the side X and L valleys and limited to few
hundreds of fs.3033 The relaxation processes towards the
edge of the I valley are significantly slower than in typical
ITI-V materials, where phonon scattering is driven by the
efficient Frohlich interaction, which is absent in Ge since
the crystal bonds are purely covalent. In addition, the de-
formation potential interaction between long-wavelength
optical phonons and CB electrons is weak in Ge due to
the space inversion symmetry.3* As a result, scattering
to the side-valleys is more efficient than the intravalley
cooling at T

The majority of electrons excited in the I' valley will
thus reach and dwell in the L valley, experiencing a rel-
atively long lifetime 77, between tens and hundreds of us
at room temperature.?® The two main features shown in
the lower panel of Fig. 1(a) at 0.737 eV and 0.715 eV can
thus be ascribed to recombination between holes at I and
L-electrons mediated by transverse (TA) and longitudi-
nal (LA) acoustic phonons, respectively.?® By increasing
the temperature these two PL bands redshift, leaking out
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FIG. 1: (a) Upper panel: Color-coded map of the PL intensity describing the temperature dependence of the photoluminescence
(PL) spectra of i-Ge. Lower panel: 4 K PL data. Direct gap, cI' — vI', and indirect-gap transitions, cL — vI', mediated by
longitudinal (LA) and transverse (TA) acoustic phonons are indicated along with the detector cut off. The 4K PL spectra
from all the studied samples are reported in the inset. (b) Energy variation of the direct-gap with the temperature. Open dots
are the PL peak positions measured in i-Ge, whereas the solid line represents the Varshni’s law according to the parameters
of Ref. [28]. (c) Temperature dependence of the total excess energy, AE, for carriers photoexcited in Ge by a laser energy at
1.165 eV (solid black line). The blue squares show the variation of the energy of the split-off band, Ago, with temperature
according to Ref. [29]. The inset shows the physical processes underlying the luminescence mechanisms.

of the spectral response range of the detector except for
their high energy tail [see upper panel of Fig. 1(a)]. The
indirect-gap emission will not be discussed further, since
in this work we focus on the spin and energy relaxation
of electrons directly photoexcited in the I' valley. Finally,
we point out that the weak feature observed in Fig. 1(a)
at about 1.056 eV is almost temperature independent
and can be ascribed to resonant inter-valence-band Ra-
man scattering®”38.

As shown in Fig. 1(a) by the color-coded map of the
PL intensity, the direct-gap emission redshifts with in-
creasing the lattice temperature, as a result of the band
gap shrinkage. Above 125 K it is superimposed to the
high energy tail of the indirect-gap PL. The observed
peak position of the direct band gap emission is in good
agreement with the temperature dependence of the gap

as described by the Varshni’s law,2® reported as a solid
line in Fig. 1(b).

By sweeping the sample temperature, while keeping
fixed the excitation energy Eqy., we gather spectroscopic
access to high energy states within the bands. Holes
(electrons) are excited in the VB (CB) with a total ex-
cess energy AE = Eqg. — Eg, which increases with the
temperature (see Fig. 1(c)). Eo is the energy of the di-
rect gap. It is worth noticing that already in the low
temperature range, the excess energy for CB electrons is
comparable to the energy difference of the I' and X val-
ley bottoms, de; r ~= 0.04 eV, thus activating scatter-
ing to the side X valleys as an energy relaxation channel.
Moreover, the threshold for optical transitions involving
the split-off band (SO), lying at Ago ~ 0.29 eV below the
VB edge,?® is approached at about 125 K. At low tem-



peratures electrons can indeed be photo-generated from
the SO band directly at the bottom of the CB, whereas
the vast majority of high energy electrons, promoted far
above the CB edge, result from optical transitions from
heavy hole (HH) states at the top of the VB. The oscilla-
tor strength for transitions at k = 0 involving HH states
is three times the one involving light hole (LH) states.

The 4K spectra of the doped samples (see inset of
Fig. 1(a)) show that at a fixed temperature and as impu-
rities are introduced in the Ge host crystal, the direct-gap
shifts to lower energies, the shift being larger for samples
with a larger doping level.3”39 We point out that the
low energy feature observed at about 0.87 eV in p~-Ge
quenches with the temperature and it can be tentatively
attributed to recombination of carriers bound to shal-
low states. Hereafter, we focus on the samples with the
lowest and the highest doping level: i-Ge and p*-Ge, re-
spectively, to pin down the impact of doping on the PL
spectra.

The PL analysis can reveal important features related
to the different phenomena taking place on the photoex-
cited carriers in doped samples. Indeed the spectral de-
pendence of the direct-gap PL is the result of the joint
density of states weighted by the distribution function of
carriers, finally leading to a skewed lineshape. We thus
modeled the lineshape of the PL spectra by using the
following exponentially modified Gaussian distribution,
i.e. the convolution of an exponentially decaying func-

tion and a normal distribution?®:

O s I

“ 1 x2
X exp | —— | dx,
where
E - Emax w
= — 3
z - 3 (3)

E is the photon energy, En .« is the PL peak position, A
is the amplitude of the PL band. w is the width of the
Gaussian component, which allows us to estimate inho-
mogeneous broadening effects, while A\ is the modifica-
tion or skewness factor, which quantifies the asymmetry
in the lineshape due to the thermal distribution of carri-
ers in the band. The latter two parameters thus provide
valuable information about the population of the carri-
ers which experience radiative recombination from the I'
valley.

The results of the modeling of the experimental data
according to Eq. (2) are summarized in Fig. 2 highlight-
ing A and w in the low temperature range, i.e. where
the lineshape analysis is less affected by the tail of the
indirect-gap emission. Noticeably, the average carrier
temperature, elucidated by the skewness factor shown in
Fig. 2(a), increases sharply above ~ 50 K in the investi-
gated samples. We therefore expect hot carrier phenom-
ena and carrier-carrier interactions to play a major role
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FIG. 2: Temperature dependence of the modification factor,
)\, and linewidth, w, of the direct-gap PL of p*-Ge (open dots)
and i-Ge (full dots) samples. The shadowed gray area defines
the 95% confidence bound region as obtained from the fit-
ting of the spectra with the exponentially modified Gaussian
function reported in Eq. (2).

in determining spin relaxation for temperatures above
~ 50 K. Finally, as expected from band filling effects,
Fig. 2(b) demonstrate that the PL linewidth increases
with the concentration of extrinsic carriers.

C. Polarization-Resolved Photoluminescence

To address optical orientation of spins and their depo-
larization channels in Ge, we measured the polarization
state of the direct-gap emission by means of the Stokes
analysis. 426,27

Zone center valence band (VB) states transform with
the same symmetry operations of atomic p orbitals and
are characterized by a total angular momentum quantum
number J=3/2 (for HH and LH) and J=1/2 (for SO
states). The projection of the total angular momentum
along the quantization axis, conveniently chosen to be
parallel to the angular momentum of the exciting light
beam, is J, = +£3/2 for HH, J, = +1/2 for LH and SO
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FIG. 3: (a) Modulation of the peak intensity with the analyzer
angle measured in i-Ge, p~-Ge, n-Ge and pT-Ge as a function
of temperature. The minima (dark) and maxima (bright) are
visible from the color-coded scale. (b) Experimental data for
the polarization degree of the studied samples as a function
of doping and temperature.

band. CB states at I' are s-like and their total angular
momentum coincide with their spin and are labeled by
J=1/2 and J, = +1/2,i.e. |J,J,) =|1/2,£1/2).

In a bulk material under external illumination with
left-handed (07) circularly polarized light, both final
CB states J, = +1/2 and J, = —1/2 are populated, with
a relative weight which depends upon the excitation
energy,'® and the strength of the dipole allowed tran-
sitions involved in the absorption process. The photo-
generated spin-polarized carriers will then diffuse within
the sample, possibly experiencing spin relaxation prior
to radiative recombination. Spin relaxation mechanisms
tend to equalize spin up and spin down populations. In
bulk material, spin relaxation for holes is faster than for
electrons because of the strong mixing of the HH and
LH states.2*! As a result, under steady state conditions,
the non-equilibrium electron spin population will gov-
ern the helicity and polarization degree of the direct-gap
emission. Studies of the circular polarization of lumi-

nescence have allowed the investigation of spin physics
of non-equilibrium carriers in direct-gap semiconductors
such as GaAs, whereas no detailed studies have been re-
ported so far for bulk Ge.?2 The similarity between the
band structure of Ge and of III-V compounds near the
center of the Brillouin zone lead to analogous optical ori-
entation during the absorption process.!® On the other
hand, the ultrafast lifetime of I" valley electrons in Ge,
and the role played by scattering to the side valleys can
possibly lead to crucial differences in the spin relaxation
channels and eventually in the luminescence polarization
of direct-gap radiative recombination.

Fig. 3(a) shows the contour plot of the direct-gap PL
intensity as a function of the angle of the polarization
analyzer at temperatures ranging from 4 K to room tem-
perature. We can identify three regimes.

In the low temperature range, i.e. below ~ 90 K, for all
the samples the amplitude modulation of the PL peaks
reveals a sinusoidal behavior. According to Stokes anal-
ysis, this is the fingerprint of circularly polarized light
and thus of optically oriented electron spins. Indeed the
lifetime, 7, for electrons lying in the I" valley of Ge is lim-
ited by the ultrafast scattering to the side valleys being
hundreds of fs.3%:31 This process is much shorter than the
spin relaxation time of CB electrons, 7es ~ ns,'31422,23
finally yielding circularly polarized luminescence. We re-
call that the observed luminescence polarization degree
is poc (14 7/7es) 122

Remarkably, in both p™-Ge and n-Ge the direct-gap
PL is co-circular with respect to the excitation, having,
under the experimental conditions, maxima (white areas)
at /4 + nm and minima (black areas) at 3/4m + nm.43
Here n = 0, 1. The opposite holds for i-Ge and p~-Ge.

For 90K < T < 170K, the direct-gap PL is still circu-
larly polarized. The helicity of photons emitted at the
direct gap transition in pT-Ge and n-Ge, i.e. samples
with doping larger than 10'® cm™3, turns out to be out
of phase with respect to the one reported in the low
temperature regime for the same samples. On the other
hand, the helicity of the direct-gap emission in i-Ge and
p~-Ge is not affected by the temperature variation, and
it is co-circular with the one of the doped samples. In
this temperature regime, the angular momentum of the
direct-gap luminescence has the opposite direction as the
one of the absorbed photons at the excitation energy. In
addition, the amplitude of the peak modulation, and in-
deed the polarization degree, is the largest for all the
investigated samples.

Finally, in the high temperature range of Fig. 3(a), i.e.
above ~170 K, the aforementioned sinusoidal pattern is
completely absent no matter the impurity content of the
sample. This result demonstrates that the emitted light
is not circularly polarized and that electron spins are no
longer oriented prior to recombination. We can there-
fore conclude that above 170 K there exists a thermal
activation of spin relaxation mechanisms. Such process
pertains to the material itself and not to the actual type
and level of doping.



The findings discussed above are further corroborated
by the temperature dependence of the polarization de-
gree, p, of the emitted light [see Fig. 3(b)]. For all the in-
vestigated samples, p has a bell-shaped structure and, in
agreement with the discussion above, p approaches zero
at high temperatures. It should be noted that under the
experimental conditions and according to the definition
given in Eq. (4), p is negative for PL being co-circular
with the excitation.

The impact of doping on the polarization degree is elu-
cidated in Fig. 3(b) by the low temperature tail of p.
Indeed at 4 K, p ~ —10% for both n-Ge and p™-Ge,
but it becomes positive when the impurity content is de-
creased below 10'® cm™3, being few percent for p~-Ge
and reaching a maximum of ~ +30% in i-Ge. In p*-
Ge and n-Ge, p changes sign between 50 K and 90 K.
Whereas in this temperature range p is almost constant
for i-Ge and it slowly increases in p~-Ge. Noteworthy,
p reaches a positive maximum around 125 K for all the
samples, being larger than 40% in 4-Ge. This is by far
larger than the theoretical maximum of 25% achievable
in complete absence of spin relaxation mechanisms for
band-edge emission in direct-gap bulk materials.? Re-
markably, such straightforward result can be obtained
in Ge, as opposed to III-V compounds, without applying
external perturbations, e.g. mechanical stress to remove
VB degeneracy.

The puzzling dependence of p upon temperature and
doping, reported in Fig. 3(b) for bulk Ge, does not have
any counterpart in the well-established literature dealing
with direct-gap semiconductors. Indeed, our experimen-
tal findings point out that mechanisms related to sub-
tleties of the Ge band structure might play an important
role in determining optical orientation as well as the spin
dynamics. To address this further, we introduce the fol-
lowing theoretical analysis.

IIT. THEORY

We use Monte Carlo simulations to interpret the direct-
gap PL in bulk Ge and to provide a solid, theoretical
framework for the experimental results in the previous
section. As shown in Fig. 4, these simulations fully re-
cover the trends of the experiments for intrinsic, p-type
and n-type cases (without the use of fitting parameters).
Below we elaborate on implementation of the numerical
procedure and the description of the spin dynamics lead-
ing to the polarization of the direct-gap PL.

To achieve accurate average of the direct-gap circular
polarization degree, we simulate 10° photoexcited elec-
trons. Each simulation ends if the electron reaches the
bottom of the L valley or if it experiences direct-gap ra-
diative recombination while spending time in the bottom
of the T valley. Since the vast majority of electrons relax
to the bottom of the L valley, the use of 10° simulations
guarantees accurate information on the small portion of
electrons that experience direct-gap radiative recombi-
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FIG. 4: Calculated circular polarization degree of the recom-
bination in the I' valley of bulk Ge excited with o~ .

nation. The spin relaxation is not incorporated in these
Monte Carlo simulations since the simulated dynamics
mimics the evolution of the electrons within the first few
ps. However, due to the cross-talks between the popula-
tions of the different CB valleys, the high-temperature lu-
minescence is governed by thermally-activated electrons
that reach to the I' valley after spending a relatively long
time in the L valleys (compared with the momentum,
energy and spin relaxation times).

To capture the radiative recombination from
thermally-activated and unpolarized electrons, the
following considerations are taken. The probability of
photoexcited electrons to reside in the L valley rather
than to undergo luminescence in the I' valley follows
m ~ T,r/Tr—r, where 7, ~ 0.1 ns and 7+, ~ 1 ps
are respectively the recombination time in the I' valley
and the scattering time from I' to the L valley.** The
photoexcited electrons with density N, in steady state
can also be calculated from the laser intensity and the
absorption coefficient, which distribute mostly in the L
valley bottom where doped electrons with density Ny
may also exist. We denote their ratio as 172 = Ng/Ne.
Most of these electrons eventually recombine with holes
either in the L valley or in the T' valley with thermal
activation. The rates of the former and latter are
respectively Iy ~ 7.} and Ty ~ 7.} exp(—Aer . /kpT),
where 7, , ~ 1 us is the recombination time in the L
valley. Hence with the circular polarization degree of PL
pue extracted from the Monte Carlo simulations within
the time scale of momentum relaxation, we can derive
the result with spin relaxation:

o Prc . (4)
L4+n1(1+m2)

b
I‘a'i_rb

The final results of Eq. (4) are depicted in Fig. 4. The
dependence of the circular polarization degree on temper-
ature and doping reconciles with the empirical results. It



is mentioned that the thermal-activation process of un-
polarized electrons form the L valley rather some unre-
alistic ultrafast spin relaxation in I' valley leads to the
decay of the circular polarization degree at temperatures
above 100 K for all the curves in Fig. 4. We now turn to
the calculation procedure of the ultrafast electron evolu-
tion following photoexcitation from which we extract the
value of pyc in Eq. (4).

The photoexcitation is modeled by utilizing a pseudo-
Voigt profile for the CW Nd:YVOy laser.*> In addition,
momentum alignment and spin-momentum correlation
are found necessary to generate the electron distributions
immediately after the photoexcitation.*64® The initial
states of electrons are extracted from an eight-band Kane
model.*® For the momentum relaxation of photoexcited
electrons, we incorporate all sorts of intervalley electron-
phonon scattering between different L, X or I' valleys,
and also intravalley scattering within each valley.?%:>!
In addition, we consider the ionized impurity scatter-
ing, the carrier-carrier binary scattering, and the collec-
tive electron-plasmon scattering.’? Below we elaborate
on these details.

A. Photoluminescence in Germanium

(a) Band structure. The CB of Ge includes four L
valleys, one I' valley and six X valleys. In each val-
ley, we consider ellipsoidal constant energy surfaces as
v(k) = €(1 + ae) = h2(k}/my + k?/m¢)/2, where « is
a nonparabolicity parameter,”” and ¢ is the electron ki-
netic energy. ! (t) denotes the longitudinal (transverse)
components. We employ m; = 1.588mg, m; = 0.0815my,
a = 0.3 eV~! in the L valley, m; = 1.353mo, m; =
0.288mg, a = 0 in the X valley and m; = m; = 0.037my,
a = 0 in the T' valley.’ We introduce the Herring-
Vogt transformation defined by ki = T7k?.5* In the
frame of reference of the n*" valley, centered at the
bottom of the valley with the z axis along its sym-
metry axis, we take the transformation matrix 7" =
diag(\/mo/my, /mo/my,/mo/my) so that the ellip-
soidal constant energy surfaces become spheres. To pre-
serve vector equations, 7" is also applied to other vector
quantities such as phonon wavevectors.

The band parameters of Ge vary slightly with temper-
ature and doping. We adopt the dependence E, (T) =
E,+(0)—arT?/(T + Br) for the direct band gap,*® where
E,+(0)=0.887 eV, ar = 5.82x107* eV /K, 8- = 296 K,
and also Ago, = 0.287 eV for the split-off energy. The
band gap shrinkage takes 36 meV, 9 meV and 1 meV for
p-type 3.6 x 10'® cm™3 doping, n-type 8.3 x 1016 cm—3
doping and p-type 10'® cm ™3 doping, respectively.®®

(b) Laser spectrum. The center frequency v, of the CW
Nd:YVOQy, laser is located at hv, = 1.165 eV. Considering
the broadening effects and the background noises, we as-
sume the distribution of the photon energy F; to have a
pseudo-Voigt profile made of weighted contributions from

TABLE II: Momentum alignment and spin-momentum cor-
relation for circular polarization at the I' point. k is the
unit vector in the direction of electron momentum and p =
i€éxé" is the photon angular momentum. For relatively small
wavevector, these simple forms are good approximations.*®

Band Heavy-hole Light-hole Split-off
Momentum 3 5.5%)20 1 5.3 5-k)2 1
alignment 4 (B-k)™+1] 4 4(p )
Spin-momentum | _ (IA)R)}A( 3(13'1;)1A<f2f’ lf)
correlation 1+(p-k)? 5—3(p-k)? 2
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Gaussian and Lorentzian distributions,

P(El) = TNc G(El7 h’VCa 5G) + (1_77G)L(El7 h’VCv 5L) 5

where
1 (El—hl/c)2
G(E;; hve,0g) = —_,
( 15 NV, G) 6G /_271' eXp|: 25%
1 or
L(E;hve,dy) = —|————= | .
R ]

In the simulations we use 7 = 0.8, o = 1 meV and
0, = 6 meV.

For a fixed Ej, electrons excited from different VB
have different initial energy. The corresponding den-
sity of states determines the excited fraction. The to-
tal amount for each kind of excitation is proportional
to (me/my, +1)73/2\/E — E, o, when E; > E,,, or
zero otherwise. Here m, and m,, are the effective masses
of electrons and holes, respectively. The former corre-
sponds to I" valley, and the latter includes mpp = 0.28my
for heavy holes, my;, = 0.044mq for light holes, and
Mmgo = 0.084mg for split-off holes. E, ., is the energy
gap between edges of the two bands in the photoexcita-
tion process.

(¢) Momentum alignment and spin-momentum corre-
lation. In momentum space at the instant of photoexci-
tation, the alignment determines the number of electrons
in each direction, while the correlation assigns the corre-
sponding average spin. Only at the I" point, they possess
simple analytical forms as shown in Table II,' where &
is the unit polarization vector (p = ié x &). To gener-
ate realistic values when electrons are far from the valley
bottom, we utilize the Kane Hamiltonian with spin-orbit
coupling to calculate accurate eigenvectors. They are
formulated from the Luttinger parameters v; = 13.35,
Yo = 4.25, v3 = 5.69 and the Kane matrix element
Ep = 26.3 eV.°" To construct the density matrix we
first denote the eigenvectors of CB and VB respectively
by |c;) and |v;), where ¢ € {1,2} in each band, and
v € {h,l,s} is comprised of heavy-hole, light-hole and
split-off bands. Then the coherent photoexcited states

are ‘ozl-(v)> x> {<cjlﬁ‘vl> . é}’cj>, and the density



matrix is simply G = 3, |os(v))(a;(v)| for electrons
excited from the corresponding band. We can trans-
form it to a 2 x 2 form with basis ‘s> and |s’>, namely
F = 2875, s><s‘g‘s’><s’|, where s and s’ are spin in-
dices. Instead of what appear in Table II, the momen-
tum alignment and spin-momentum correlation respec-
tively take the forms of Tr(F) and Tr(6F), where & de-
notes the Pauli matrix vector. Such numerical results
still bear notable similarities to the analytical forms at
the T point, while they indeed capture some new fea-
tures such as warping effects (see supplemental material
of Ref. [46] for figures). We use the above analysis to
pre-generate tables for initial states in the simulation.

(d) Luminescence. It is considered when the relaxed
electrons approach the valley bottom. The proper range
can be estimated from the width of the direct-gap ra-
diation peak in the PL spectra. We choose 12 meV,
close to the full width at half maximum. As the elec-
tron kinetic energy drops below, radiation times are ran-
domized according to a homogeneous Poisson process,
x exp(—t/7,r). At the time of recombination, the den-
sity matrix of an electron with spin S can be recon-
structed as F = [Z + 6 - S]/2.

With the aforementioned coherent state ’ai(v)> o
> {<cj|§‘vl> . é’}|cj>, we can calculate the total in-
1

tensity with polarization &' as follows,
Ié/ :/dgkz <O[Z(1))’J—"‘O[Z(U)>

Here ’cl> and ”UZ‘> approximate to the simple wave func-
tions at I' point. The circular polarization degree is de-
fined as p = (I4 —I-)/(I4 + I_), where I and I_ are
the intensities of right and left circularly polarized radi-
ation. Especially, for thermalized electrons with no spin-
momentum correlation, we find that p = —S - i’ holds
for the recombination with both heavy and light holes.
Here S is the average spin and n’ is the unit vector in
the observation direction of the luminescence.

B. Intrinsic Scattering Mechanisms

(a) Intervalley phonon scattering. After integrating
over all possible states in the final valley, the total scat-
tering rate reads

’y(e—i—in _Aefi)

(nq—|— 1) ’Y(E—in _Aefi)

D2 md(f)Zf Nq
V21h20 Qi

—

v —

(5)
Here and in Eq. (7) the top (bottom) line refers to phonon
absorption (emission). mg = {/m;m? is the density-of-
states effective mass, and ‘(f)’ denotes the final valley.
0 = 5.32 g/cm?® and ng are the crystal density and Bose-
Einstein distribution, respectively. ®;, = 1 + 2a(e +

Q4 — A€y;) is the extra factor due to the nonparabolicity,
where + holds for top or bottom line and the same in @,
for Eq. (7). Aey; is the energy difference of the final and
initial valley bottoms. We characterize Ge with Aex , =
0.18 eV, Aexr = 0.04 eV, and Aer, = 0.14 eV. The
coupling constant D;, and the phonon energy €2, of the
corresponding mechanism are listed in Table III. Z; is
the number of possible final valleys. The equivalent final
valley is chosen randomly. The states after scattering
are equally probable on the constant energy surface with
energy conservation.

(b) Intravalley optical phonon scattering. This effect
is relatively weak in crystals with inversion symmetry.
Yet we formalize it in the same way we did for the in-
tervalley phonon scattering [when D,), and 1, replace,
respectively, D;, and €, in Eq. (5)]. Meanwhile, Zy =1
and Aeg; = 0. For electrons in L valley, we consider
Dop =5.5eV/A, Q,, = 37.1 meV.

(¢) Intravalley acoustic phonon scattering. We take
the long wavelength approximation without distinguish-
ing between longitudinal and transverse phonons. With
the dimensionless variable

hqus N hq*vs [my

A — 6
kBT kBT mo ’ ( )

€r=

where q = k — K/, the total scattering rate follows

':2 1/2(
2\/_71'71491)4

Fac =

o [ o o
(7)

where vs = 5.4 x 10° cm/s denotes the sound velocity.
The deformation potential = in L, X and I' valley has
values of 11 eV, 9 eV and 5 eV, respectively. The inte-
gration limits 1 and x5 in Eq. (7) are given in Table IV
where €, = mgv?/2, v. = 4¢/kpT, 19 = 4es/kpT.%!
P, = 14+2ae+2akpTx is the nonparabolic factor. With
the truncated Laurent expansion of phonon distribution

ng(z) = { 1/o—5+ 57— 752" + gopp90", if <4,

0, ifz >4,
the integration in Eq. (7) can then be readily performed.
For the state after scattering, we choose = according to
the expression inside the integration in Eq. (7) with the
rejection technique.?® Then ¢* is calculated from Eq. (6),
and the angle between k™ and k* is obtained by en-
ergy and momentum conservation. The angle of rotation
around k* is completely random.

(d) Rees self-scattering. To determine the occurrence
of scattering events without the difficulty of solving inte-
gral equations for each event, we use the imaginary self-
scattering technique.f?:%1 A homogeneous Poisson pro-
cess of scattering is simulated with the rate parameter I'y,
in which a fictitious self-scattering is included such that



TABLE III: Coupling constants and phonon energies for intervalley scattering in Ge. These values are inherited from previous

works,’®®® and can also be extracted from the empirical pseudopotential model.>®
Scattering ‘ L (LA) X (LA) L(LA) XX, (LA) XX, (LO) L (LA, LO) L (TA)
Diy [eV/A] 10.0 4.06 2.0 0.789 9.46 3.0 0.20
Qiv [meV] 27.6 27.6 27.6 8.62 37.1 27.6 10.3
the total scattering rate together with the self-scattering  the total scattering rate is derived from,62:%3
is I'g. If an electron undergoes a ‘self-scattering’ event,
its wavevector immediately before and after the scatter- et Ndm3/ 2 .
ing is unchanged. This technique is valid if Ty exceeds Pee = omh3e2e? 1/25*2/ ﬁ*z—l—g*? 5o/ e(k5)] . (10)
the total scattering rate of an electron in state k. In the T E0E
simulation, we use I'g = 10%% s~ 1.
Here 8* = B+/pa/mo and pg = (papypz)'/? where

C. Scattering Mechanisms in Doped Samples

(a) Ionized impurity scattering. Using the Brooks-
Herring approach,®® we get a total scattering rate for
ionized impurity with density Nj:

\/_€4ij Smd'y( ) !
)= ————52—/y(e) ;1 8
L= " pag2234 2:2p34 1( + 7232 ) , (8)
where €, = 16 is the relative dielectric constant, and

®; = 1+ 2ae is the nonparabolic factor. The screening
B~ is taken as the Debye length

_ /EQET]{JBT

By randomizing a number r € [0, 1], the scattering angle
0 follows

8md7(€)7‘)_'1

cosf =1-2(1—r) (1+ 123

(b) Carrier-carrier scattering. The interaction is be-
tween photoexcited electrons and a Fermi-Dirac distri-
bution of thermal carriers, f(e), due to the background
doping. We consider a screened Coulomb potential where

TABLE IV: Integration limits in Eq. (7).
the energy and momentum conservation.
material of Ref. [51])

They guarantee
(See supplemental

Condition Absorption Emission
€<es (e <wo) 1 =1T0— \/ToTe absent
T2 = 2o + \/ToZe
€> €5 (Te > x0) 1 =0 21 =0
T2 = \/ToTe +To T2 = \/ToTc — To

2u;t = m;t+ m;é) and ¢ € {x,y,z}. Parameters of

thermal carriers are denoted by (s), which in the case
of p-type and n-type Ge correspond to heavy holes and
L-valley electrons, respectively. g; = /mofti[ki/m; —
ksi/m;cs)] is the transformed relative wavevector, and
k; is the wavevector of a thermal carrier. The integra-
tion can be evaluated numerically, and we pre-generate a
table for the simulation. After a specific scattering event,
k’* is determined by

1 (kKL g
kg*__mz( _i__v_gL)’
2 mi  My(s) Hi

where kg is generated randomly from the Fermi-Dirac
distribution. We notice ’g’* *|, and the angle be-
tween g™ and g* is given by

g*2
cost) = 1—2(1—r)<1—|— TB*Q) ,

with a random number r € [0,1].
has no preferences from 0 to 27.

The screening takes the form of Eq. (9) only when the
energies of involved carriers are close to each other. Thus
we only use Eq. (10) when the energy of the photoex-
cited electron is slightly (6 meV) above the defined val-
ley bottom [within 12 meV, see Sec. IIT A(d)] plus the
mean energy of the doped carriers. This limitation is re-
moved if the plasmon scattering is not effective (see be-
low). In addition, from the analysis of Eq. (10) we note
that when the photoexcited electron is in the I' valley,
its much smaller effective mass compared with that of
the background carrier renders the binary collision pro-
cess ineffective in relaxing the photoexcited electron to
the bottom of the valley (intervalley phonon-induced re-
laxation mechanisms become faster). The binary process
is more effective in the L and X valleys where the effec-
tive masses are comparable with those of the background
carriers.

The azimuthal angle

(¢) Plasmon scattering. ~ With the plasmon-pole
approximation,54% we can calculate the total scattering



rate

3N1/2 / 1
Ppl pl
4\/21h(g0E,) 3/2md V!

where the antiderivative of the integrand is simply a log-
arithmic function. The nonparabolic factor is ®, =
1+ 2ae. The integral interval [¢f, ¢5] satisfies

dq , (11)

<1, (12)

1 q*2 9
— [ 2mgwy 1+——hq*>
2q*/2may(e) ( b (2

where wy = (Nage?/mgs)c0er)'/? is the plasma fre-
quency. For the state after scattering, we choose ¢
according to the distribution inside the integration in
Eq. (11). The angle between q* and k* is determined
by energy conservation, in which the electron loses the
energy of fuwpi/1 + (¢*/B)?%, and the azimuthal angle is
completely random. Eventually, we obtain k™* = k* +q*.

We notice that Eq. (12) is not always possible, espe-
cially when € < fwp. In this case, we broaden the suit-
able range of the binary carrier-carrier scattering to avoid
discontinuity. We note that the restriction e < fuwy; can
be readily achieved in the I" valley due to its small effec-
tive mass (compared with the L and X valleys).

IV. PHYSICAL PICTURE

Here we highlight the underlying physics leading to
the results outlined in the previous experimental and
theoretical sections. Following the photoexcitation of
spin-polarized electrons in the I' valley, their vast ma-
jority relax to the bottom of the L wvalleys, located
Aer ;, >~ 0.14 eV below the edge of the I' valley. The life-
time of electrons in the L valley is relatively long (> 1 us)
and governed by non-radiative recombination channels
across the indirect band gap. Our work, however, fo-
cus on the minute fraction of electrons that experience
direct-gap radiative recombination from the bottom of
the I' valley. The circular polarization degree of this lu-
minescence provides useful information on the dominant
relaxation mechanisms of photoexcited electrons.

The results from experiments and theory summarized
in Fig. 3 (b) and Fig. 4 show a strong decay of the cir-
cular polarization degree at high temperatures. We can
infer that radiative recombination of unpolarized elec-
trons already plays a role at 120 K and it dominates
the luminescence above 170 K. The source of these un-
polarized electrons is from thermal-activation of L val-
ley electrons. Specifically, electrons from the bottom of
the L valleys can visit the I' valley with a probability of
~ exp(—Aer ,/kpT). During these sporadic visits there
is a minute probability for the electrons to experience
radiative recombination rather than phonon-induced ul-
trafast scattering back to the L valley. Given that the re-
combination lifetime of electrons in the L valley is longer
than 1 us and that their spin relaxation time is of the
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order of 1 ns at high temperatures,'® the majority of the
ultrashort visits in the I' valley take place when the elec-
trons are no longer spin-polarized.

Below ~120 K, the aforementioned thermal-activation
process is practically quenched, and the luminescence has
contributions from two types of spin-polarized electron
populations. The first is of electrons excited from the
SO, which results from the finite energy width of the laser
excitation (see Sec. IIT A). These electrons are excited at
the bottom of the I' valley and in what follows we term
them ‘low-energy’ electrons. As expected from the selec-
tion rules,? upon radiative recombination they provide a
circular polarization degree of +50%. The second pop-
ulation is of electrons excited from heavy and light hole
VB. These electrons need to relax more than 100 meV
before reaching the bottom of the I' valley and in what
follows we term them ‘high-energy’ electrons. Only af-
ter this energy relaxation, their average contribution of
—25% to the circular polarization degree? can be noticed
in the peak of the direct band gap PL.

The relative contributions of ‘low-energy’ and ‘high-
energy’ electron populations to the direct-gap lumines-
cence strongly depend on excitation, temperature and
doping conditions. Figure 3 (b) and Fig. 4 show that be-
low 50 K the circular polarization degrees are relatively
constant and their doping-dependent values range from
~ —10% in pT-Ge to nearly ~ +30% in i-Ge. In be-
tween 50 K and 120 K, the circular polarization degree of
all samples increases reaching nearly +50% in the intrin-
sic sample. The change in behavior around =~ 50 K is
attributed to the excitation conditions, as discussed in
Sec. IIB. The density of ‘low-energy’ electrons can sig-
nificantly increase at higher temperatures because of the
band gap shrinkage and because carrier-carrier interac-
tions become relevant. This increase explains the behav-
ior of the circular polarization degree above 50 K in all
samples, where a value of +50% indicates that only these
electrons contribute to the direct band gap luminescence.
At temperatures below 50 K, the density of ‘low-energy’
electrons is low and relatively constant given the fact that
the energy band gap shrinks only by ~3 meV from zero
to 50K. See Sec. IIT A for the analysis of the laser line
and excitation conditions.

The density of ‘high-energy’ electrons reaching the bot-
tom of the I' valley after relaxation strongly depends
on doping conditions. In the intrinsic sample, the en-
ergy relaxation of ‘high-energy’ electrons is governed by
phonon-induced intervalley scattering between I'; X and
L valleys where after each phonon emission the electron
lose a few tens of meV. Since it is highly likely for ‘high-
energy’ electrons to be transferred out of the I' valley
during such energy relaxation, the direct-gap lumines-
cence is governed by ‘low-energy’ electrons. This physics
explains the positive and high circular polarization de-
gree from the intrinsic sample at low temperatures (in
spite of the relatively small population of ‘low-energy’
electrons at these temperatures). In the doped samples,
on the other hand, the energy relaxation of ‘high-energy’



electrons is governed by collisions with the background
carriers. These Coulomb collisions come from a binary
process in which a photoexcited electron collides with a
background carrier,5%53 and also a collective process in
which the photoexcited electron interacts with the ther-
mal plasma of background carriers.646

The energy relaxation of photoexcited electrons due to
Coulomb collisions is effective in the X and L valleys but
not in the I' valley. This difference stems from the effec-
tive mass as explained in Sec. IIIC. A typical scenario
at low temperatures is that photoexcited electrons in the
T valley experience phonon-induced intervalley scattering
to one of the X valleys since it has higher rate compared
with scattering to the L valleys.?° The hot electrons then
thermalize to the bottom of the X valley via the plasmon
and carrier-carrier scattering mechanisms. The phonon-
induced intervalley scattering typically takes place after
electrons reach the bottom of the X valley transferring
some of the electrons back to the I' valley whereas most
scatter to the L valley. Since Aex r ~ 40 meV, electrons
that scatter back to the I' valley reach the valley bottom
where they can effectively contribute to the direct band
gap luminescence. These characteristics lead to the sim-
ilarity between the curves of the fairly doped samples,
despite of the big gap in the doping level of n-Ge and
pt-Ge, namely 8.3 x 10'¢ cm~3 and 3.6 x 10'® cm 3. For
p~-Ge (10'° cm™3), the plasmon scattering is negligible,
and the binary carrier-carrier scattering is not as efficient
at low temperatures. Its circular polarization degree is
therefore located in between the heavily-doped and in-
trinsic samples, as expected.

Finally, we note that the cooling process in the X val-
ley mediated by background impurities is expected to
lead to an increase of the direct-gap emission with the
doping level. Such a general result has to take place in
both n- and p-doped Ge samples. In the former, this
contribution sums up to the higher electron population
due to the increased Fermi level with n-type doping.5¢

V. CONCLUSIONS

In this work we have reported a joint experimental and
theoretical study of the polarization of light emitted in
transitions across the direct band gap of bulk Ge. The
optical investigation, based upon polarimetric analysis,
provides compelling confirmation that optical orientation
of carrier spin can be achieved in bulk Ge. The detailed
analysis of the state of light polarization further demon-
strates that the degree and helicity of direct-gap emission
remarkably depend upon parameters such as doping and
temperature.

We emphasize that by combining continuous-wave
polarization-resolved PL experiments and Monte Carlo
calculations, we gather simultaneous information about
spin and carrier relaxation mechanisms, without relying
on time resolved techniques. Indeed, in the optical ori-
entation process, electrons are photo-generated in the T’

11

valley from optically coupled heavy hole or split-off va-
lence band states at different energies and with opposite
spin orientation. Such an information does not get wiped
out during the subsequent radiative recombination, be-
cause, owing to the ultrafast lifetime of T' electrons,® it
remains encoded in the angular momentum of the emit-
ted light. As a result, the measurement of the helicity
and polarization degree of the band-edge luminescence
allows us to keep track of the dominant non-equilibrium
spin-polarized population of electrons experiencing ra-
diative recombination, and to infer important informa-
tion about energy and spin relaxation channels. Ther-
mal activation of unpolarized L valley electrons is shown
to explain the luminescence depolarization at high tem-
peratures, whereas the doping level accounts for the dif-
ferent state of light polarization in the low temperature
regime. Finally, our findings point out the pivotal im-
pact in the cooling process of hot electrons played by
carrier-plasmon scattering within the X wvalleys, whose
role in defining carrier dynamics has been largely over-
looked in many of the previous literature works dealing
with direct-gap luminescence in Ge.

The study of the injection of spin-polarized carriers
and of circularly polarized emission at the direct-gap of
Ge is important also application wise. We anticipate that
a systematic calibration in the low temperature regime
of the dependence of the polarization degree p upon dop-
ing can possibly lead to the development of a diagnostic
tool for the determination of the impurity content in Ge.
Such spectroscopic method is non-destructive and has
a high spatial resolution (= pm). In addition, it does
not require accurate sample preparation and can be ap-
plied to address a doping range not easily accessible by
conventional techniques, e.g. Energy Dispersive X-ray
spectroscopy.

Finally, the recently discovered lasing action in Ge
on Si heterostructures,?57 albeit debated,’® 7! holds the
promise of laser sources monolithically integrated onto
the mainstream CMOS platform,'® thus filling the gap
for the development of the active devices needed to
ground Si-photonics. At present, however, direct-gap
electroluminescence™ 7> and lasing®” in Ge-based het-
erostructures have been achieved only under high cur-
rent densities and shown to be not efficient yet.”® ™ Such
drawbacks strongly hamper the widespread application
of Ge-based light sources.

We suggest, however, that pursuing the concept of
spin-based Ge emitters can provide a sizable improve-
ment in this field."" Pumping spin-polarized carriers
in the optical gain medium by using spin selective con-
tacts or circularly polarized light can reduce the injec-
tion threshold required for electroluminescence or lasing
action, finally boosting the performances of the Ge emit-
ters and their implementation into Si-photonics circuits.
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