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ABSTRACT

We study the femtosecond carrier dynamics of n-type doped and biaxially strained Ge-on-Si films which occurs upon impulsive photoexcitation
by means of broadband near-IR transient absorption spectroscopy. The modeling of the experimental data takes into account the static donor
density in a modified rate equation for the description of the temporal recombination dynamics. The measurements confirm the negligible contri-
bution at a high n-type doping concentration, in the 1019 cm�3 range, of Auger processes as compared to defect-related Shockley-Read-Hall
recombination. Energy resolved dynamics reveal further insights into the doping-related band structure changes and suggest a reshaping of direct
and indirect conduction band valleys to a single effective valley along with a significant spectral broadening of the optical transitions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5088012

After the pioneering papers envisaging a Ge/Si laser,1–5 a robust
electrically pumped device has not been demonstrated yet. The work-
ing principle of the proposed laser leverages on the shallow energy bar-
rier existing between the Lc-point and Cc minima in the conduction
band of germanium. The original idea was to overcome this barrier by
simultaneously exploiting a moderate tensile strain and heavy n-type
doping to boost the photon emission rate in the optically active layer,
as predicted theoretically.6,7 Despite the subsequent vast research effort
put in place to target this goal, key aspects remain unsolved to date, in
terms of both fundamental physics and technological issues. In fact,
two main strategies have been proposed to enhance the net optical
gain and hence enable practical applications.8,9 On one hand, research-
ers focused on increasing the strain10–12 with the recent demonstration
of a low-threshold optically pumped laser based on intrinsic Ge nano-
wires. However, the exotic geometry usually featured by the active
region has prevented the demonstration of an electrically pumped
device. On the other hand, more conventional designs rely on low val-
ues of the strain, often limited to the thermal contribution typical of
the Ge/Si heterostructures,13 but featuring a very high value of n-type
doping density, typically beyond 1� 1019 cm�3.14,15 However, the
unsatisfactory results obtained using this type of material, such as the
very high lasing threshold current, have prompted the quest for a

better understanding of the excess carrier dynamics in heavy-doped
Ge. While it is generally accepted that Auger recombination is the
dominant mechanism in moderately doped Ge (<1� 1018 cm�3),16,17

its relative contribution to the total nonradiative recombination rate in
the limit of high- or even ultrahigh donor densities is still in
debate.18–20 In fact, recent studies suggest that high doping triggers a
drastic reduction of the Shockley-Read-Hall (SRH) nonradiative
recombination time sSRH in Ge/Si heterostructures, making this mech-
anism the one responsible for a reduced excess carrier density and,
consequently, for an overall decrease in the photon emission rate.21–23

Nevertheless, other studies concluded that the presence of dopants in
epitaxial Ge on Si has a negligible effect only on sSRH.

24

In this work, we perform time-resolved broadband transmission
spectroscopy with intrinsic and ultrahigh doped epitaxial Ge/Si hetero-
layers combined with theoretical modeling to assess the impact of
donors on the recombination dynamics of optically excited carriers,
generated after the absorption of near-IR photons across the direct
gap. This work contributes to disentangle the different contributions
controlling the nonradiative recombination in a wide range of excess
carrier densities. Hereby, we provide experimental data that comple-
ment and enhance numerical simulation techniques.20,21 As a result,
we underline the dominating influence of SRH processes over Auger
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recombination in heavily doped Ge epilayers even in the limit of large
Auger coefficients as reported in the literature.19,20

Highly n-doped Ge/Si(001) films, featuring different phosphorous
donor concentrations in the 1� 1019 cm�3 range and a film thickness
of approximately 800nm, were grown by reduced pressure chemical
vapor deposition22 on 8-inch Si wafers. An undoped sample (S0) grown
in the same conditions and featuring a comparable crystal quality com-
pared to the doped ones served as a benchmark to single out the influ-
ence of dopants. Background doping in the Ge layer was below
1015 cm�3 and below 1016 cm�3 in the silicon wafer (p-type), such that
no observable physical effects can be linked to these low concentrations.
The list of the samples employed in this study is reported in Table I,
where we also show the energy of their direct bandgap EG;PL, as mea-
sured by photoluminescence spectroscopy.22 The films exhibit 0.2%
tensile strain due to the difference of the coefficient of thermal
expansion existing between the Ge epilayer and the Si substrate.
Optical polishing of the wafer backside enables broadband transmis-
sion measurements at photon energies below 1.1 eV (absorption
by the silicon wafer), spanning over both the direct and indirect
bandgaps of intrinsic Ge (at room temperature EG;C ¼ 0:8 eV and
EG;L ¼ 0:66 eV, respectively25). In our experiments, we optically
excite the Ge-on-Si films with femtosecond pulses and measure the
energy-resolved (detection wavelength kD) differential transmission
change DT=TðDt; kDÞ around and below the intrinsic and effective
bandgap as a function of the delay time Dt. A 190 nm Si3N4 antire-
flective coating at the sample backside enhances transmission of the
probe pulse and avoids multiple excitations from pump pulse reflec-
tions. All measurements are performed at room temperature.

Figure 1(a) sketches the band structure of intrinsic Ge (iGe),
summarizing the different excitation mechanisms together with ther-
malization and relaxation pathways. The experimental setup for time
resolved spectroscopy is based on a Yb:KGW femtosecond laser that
drives two home-made noncollinear optical parametric amplifiers
(NOPAs) at a 50 kHz repetition rate.26 One NOPA is tuned to a cen-
tral wavelength of about 1.2lm (1 eV photon energy) and serves as a
pump pulse to excite direct interband transitions near the C-point
with a fluence up to 2 mJ/cm2 and a pulse duration of approximately
50 fs. The illumination spot size at the sample surface is approximately
500lm in diameter. The second NOPA is spectrally tuned to cover a
broadband range between 1.4 and 2.1lm (0.6–0.85 eV) and set at a
variable delay with respect to the pump pulse. Spectra of the complete
series of pulses employed in the experiments are shown in Fig. 1(b).
With this tuning of the pulses, the silicon substrate remains unper-
turbed during the measurement. After the interaction with the sample,
the probe pulse is spectrally resolved with a monochromator (approxi-
mately 10 nm resolution) and detected with an extended-InGaAs

photodiode. Pump modulation at 25 kHz allows high sensitivity and
low noise single-shot boxcar detection. We vary the free space excita-
tion fluence from low (50 lJ/cm2) to intermediate (200 lJ/cm2) and
high (1.3 mJ/cm2). The latter value corresponds to a saturation of the
photocarriers according to a one photon absorption model derived by
Mayer et al.27 Our estimation of the photocarrier density therefore
stands in contrast to much higher values obtained in other works.19

Figure 2 shows a reference measurement of transient absorption
performed on the iGe film at an intermediate excitation level. Red and
blue shaded regions indicate increased and decreased differential
transmission, respectively. At the direct bandgap observable at
1.55lm (0.8 eV), a sharp transition from the positive to negative signal
occurs, which is associated with dynamic bandgap renormalization
and its typical derivative spectral shape. This dominant feature is
accompanied by a slightly increased differential transmission around
1.7lm (0.74 eV) and broadband photoinduced absorption (PIA) at
lower photon energies. The positive signal can be associated with
renormalization and photobleaching of the indirect bandgap. The
broadband negative signal occurring for photons with energies smaller
than the indirect gap is due to the modulation of the refractive index
of the photoexcited Ge. According to Carroll et al.,28 PIA is dominated
by optical transitions between split-off (SO) and heavy-hole (HH)
valence bands, which become available in the optically excited state.
The effective recombination time (evaluated along the dashed line in

TABLE I. Intrinsic and heavily n-doped Ge-on-Si samples of 800 nm thickness
employed in the experiments. The direct bandgap energy EG;PL is also reported.

Sample name Donor density ND 1019 cm�3ð Þ EG;PL (meV)

S0 Intrinsic 770
S1 1.4 755
S2 2 745
S3 12 (50% active) 710

FIG. 1. (a) Schematic band structure of intrinsic Ge (blue curves) in the optically
pumped state with interband photoexcitation indicated by red arrows. In the excited
state, blue and red shaded areas depict thermalized holes and electrons, respec-
tively. Intervalley scattering of electrons (se, yellow dashed arrow) and photoin-
duced absorption (PIA, green arrows) occur in this configuration. (b) NOPA spectra
used for pump and probe pulses.
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Fig. 2) reduces to few hundred picoseconds in thin films, while it is on
the order of microseconds in the bulk crystal.24,29,30 This fast recombi-
nation is mediated by surface effects, lateral diffusion, and high elec-
tron temperatures, caused by an optical intensity during excitation on
the order of a few gigawatts per centimeter square. At intermediate
excitation pulse energy, electron thermalization and scattering from
CCB- to LCB-valleys occur on sub- or few-picosecond time scales31,32

and can be neglected in the following analysis that considers only delay
times Dt> 5 ps. This is confirmed by our data and can be identified
with the bending of contour lines near Dt¼ 0.

Differential transmission measurements as a function of pump-
probe delay performed on doped Ge-on-Si films at the intermediate

excitation level are shown in Fig. 3. In comparison to the iGe reference
film, we observe four significant effects: (1) the recombination time
dramatically decreases with a higher doping concentration, (2) the
transition between positive and negative signals spectrally redshifts
and shows significant spectral broadening, (3) the optical signal associ-
ated with radiative transitions involving the LCB and CCB valleys
cannot be distinguished in the doped samples, and (4) the maximum
observed transmission change decreases with higher doping.
Observation (1) is obvious as the density of defect centers increases
with doping. Bandgap narrowing due to strain is also well known33

and explains point (2). Optical spectra from doped layers usually fea-
ture a broad band where the peaks associated with indirect and direct
transitions are less resolvable than in the intrinsic Ge case.22 In a band
structure model, spectral broadening of optical transitions indicates
the alignment of CCB- and LCB-valleys in the conduction band (CB).34

Along this line, in our doped Ge samples, we observe an energy region
spanning the direct and indirect bandgaps in which the differential
transmission remains positive, hence hindering the distinction
between the two radiative channels. In fact, since the photogenerated
carrier density is much lower than the donor density, the dynamical
renormalization of the direct gap is suppressed. As a consequence, the
signal in both the direct and indirect gap regions remains positive,
making impossible a distinction between these two processes, as found
in (3). On the contrary, in iGe (Fig. 2), we observe a sharp energy
region just below the direct gap where the differential transmission
becomes negative. Below this photon energy band, we observe a posi-
tive differential transmission signal, caused by the bleaching of the
indirect absorption, a signature of the energy difference between the
valleys in C and L. In this context, the emission from possible radiative
recombination is reabsorbed by free carriers that become available in
the optically pumped state.28 At low probe photon energy, PIA is the
dominant effect providing the best energetic region to analyze carrier
dynamics. Dashed lines indicate spectral cuts, along which the time
constant of a single exponential decay fit is shown. Due to bandgap
narrowing at higher donor densities and hence shifting of the spectral
dynamics in different samples, we compare the recombination dynam-
ics at the detection wavelength where the PIA contribution is the high-
est. At this probing energy, thermalization is extremely fast, as shown
by the immediate decrease in the differential transmission signal after

FIG. 2. Time and energy resolved differential transmission change DT=T from an
undoped Ge-on-Si film at intermediate excitation fluence U ¼ 0:2 mJ=cm2. We
estimate an unsaturated photocarrier density of N0 � 7� 1017cm�3. The dashed
line at 1.9 lm shows a cut, along which the recombination time seff is evaluated.

FIG. 3. Time and energy resolved differen-
tial transmission change DT=T from doped
Ge-on-Si films (a) ND ¼ 1:4� 1019 cm�3

and (b) ND ¼ 20� 1019 cm�3 at interme-
diate excitation fluence U ¼ 0:2 mJ=cm2:
We estimate an unsaturated photocarrier
density of N0 � 7� 1017 cm�3. The
dashed line shows the recombination time
at 1.8 lm.
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excitation [see contour lines in Figs. 3(a) and 2(b)]. At higher photon
energies, where positive differential transmission indicates photo-
bleaching of the Ge film, contour lines in Fig. 3 emphasize an increase
in differential transmission within a few picoseconds after excitation,
before recombination dynamics starts to dominate with a slower
decrease in the pump-probe signal. Hence, the density of electrons at
thermal equilibrium is the largest at a delay time of 5 ps, where the
differential transmission becomes maximal. This thermalization signa-
ture becomes stronger at higher excitation densities (not shown),
where the excited carriers display a larger excess energy. In contrast,
the onset of the differential signal in regions of negative differential
transmission is instantaneous and enables us to monitor carrier
density even at short delay times. Regarding observation (4), a reduced
differential transmission change at a high doping concentration also
agrees with the increase in PL intensity.22

We analyze the temporal dynamics of photocarrier recombina-
tion N Dtð Þ / DT=T Dtð Þ by fitting the experimental curves with rate
equations that include Auger processes and defect-related Shockley-
Read-Hall (SRH) recombination. While the nonradiative SRH rate
associated with the crystal defect density describes single electron
dynamics and is then linear in N , higher order Auger recombination
also involves the static donor density ND which scales as the equilib-
rium electron density, as illustrated in Fig. 4(a). This is expressed by
the following rate equations:

dN
dt
¼ �cSRHN � � � �

(i) classic Auger process cAN
3,

(ii) Auger with donors cAN
2ðND þ NÞ,

(iii) Auger with high donor density cAN ND þ Nð Þ2,
(iv) eff. single exponential (ND � N0) cANN2

D,

where cSRH ¼ 1=sSRH describes the SRH recombination and cA is the
Auger coefficient. In model (iv), we consider the scenario ND � N0

¼ Nðt ¼ 0Þ, which yields a single exponential decay of N tð Þ with
effective time constant seff ¼ cSRH þ N2

DcA
� ��1

. All models assume
instantaneous excitation and do not incorporate excitation or nonther-
mal dynamics occurring times shorter than 5 ps.

In Fig. 4(b), the analytical solution of these rate equations is used
to fit the measured recombination dynamics of sample S1 at interme-
diate and high carrier excitation densities. We spectrally integrate
across the entire region that shows negative differential transmission
to average all contributing PIA channels. For sample S1, this spectral
region extends from 1.68lm (0.74 eV) to 2lm (0.62 eV) as found
in Fig. 3(a). The estimated photocarrier densities at Dt¼ 0 ps are
N0;int � 7� 1017cm�3 and N0;high � 3� 1018cm�3, respectively.27 A
lower limit of the fitting curves at 5 ps (vertical dashed line) ensures
that only fully thermalized carriers contribute to the analysis. We
applied models (i)–(iv) with small and large Auger coefficients from
the literature to our data and show the relevant results in Fig. 4(b).
Open fit parameters are an arbitrary amplitude and the SHR time con-
stant sSRH, and the Auger coefficient and donor density are taken as
fixed values. The blue fit (solid line) shows the dynamics of a single
exponential decay according to model (iv). With a typical value for the
Auger coefficient, this model corresponds to purely defect-related
recombination. Red (dashed) and green (dotted) fits show the solution
of model (ii) with small cA ¼ 10�31 cm6=s (Ref. 35) and large

c�A ¼ 3� 10�30 cm6=s (Ref. 28) values for the Auger coefficient. To
emphasize differences and exclude an error due to underestimation,
the initial photocarrier density for the green fit is increased tenfold.

The classic Auger recombination model (i) remains indistin-
guishable from a single exponential decay (model iv) even for the
larger Auger coefficient. Only for photocarrier densities much larger
than 1019 cm�3, which we consider unrealistic in our experimental
conditions, it differs but also shows higher deviation from our data.
Model (iii) yields a similar result to model (ii) with a modified Auger
coefficient [2cðiiiÞA ¼ cðiiÞA ], since contributions in the rate equation that
correspond to models (i) and (iv) are negligible. In conclusion, the sin-
gle exponential decay model (iv) approximates well our data. For rea-
sonable values of the Auger coefficient, the effective recombination
time constant can be identified with SHR processes: seff � sSHR. This
remains true also in different probing energy regions and for samples
with different donor densities. Very large Auger coefficients or photo-
carrier densities diverge from the obtained recombination dynamics.

FIG. 4. (a) Schematic depiction of Auger recombination in a doped semiconductor.
Three scenarios (i) intrinsic ðND ¼ 0Þ, (ii) moderately doped ðND ’ N0Þ, and (iii)
highly doped ðND � N0Þ refer to fit models presented in the text. (b) Time resolved
differential transmission signal DT=T obtained through spectral integration from
1:68lm(0:74 eV) to 2 lm (0:62 eV) from sample S1 (black curves). The dynamics
and fits are shown for intermediate and high excitation energy fluences U. Colored
curves show the different fit models discussed in the text, and their deviation from
the data is emphasized by the inset. In addition to a larger Auger coefficient, the
dotted fit (green) assumes tenfold initial photocarrier density.
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The recombination time increases linearly with the number of
photocarriers according to our estimate,27 which confirms our conclu-
sion that Auger processes have a negligible contribution to the recom-
bination of photocarriers. We note that at high probing energies with
increased differential transmission, our models cannot capture the
temporal dynamics of the recombination as well as for low energies. In
the spectral region near the effective bandgap and at energies above,
thermal effects, i.e. electron cooling, are more significant36 and cause
deviations from our simple recombination model. Thermalization
processes in spectral regions with PIA are much faster as can be seen
by the bending of contour lines in Fig. 3 for early delays and thus pro-
vide a better measure of the carrier lifetime. Nevertheless, the recombi-
nation time increases with carrier injection at all probing energies.
Higher carrier densities can only be achieved through a significant
contribution of two photon absorption at much shorter pulse length.27

In conclusion, we performed time resolved differential transmis-
sion measurements on epitaxial Ge-on-Si films characterized by differ-
ent levels of doping. To disentangle the effect of dopants on the
photocarrier lifetime on the spot, their temporal dynamics is bench-
marked with respect to an undoped reference sample grown with
identical processing steps. We observed general changes in the ener-
getic landscape and in the recombination dynamics of germanium
with the reshaping of the CCB- and LCB-valleys in the conduction
band at a high doping concentration. The broadened energetic signa-
ture of differential spectra measured in doped samples shows an
energy overlap between the signals originating from CCB- and LCB-val-
leys. In addition, owing to a modeling that takes into account both
static doping and optical excitation of free carriers, we determine that
Auger processes do not dominate the carrier lifetime, which is instead
limited by the SRH rate. The prevalence of this channel at high doping
density is due to the increased crystal defect density, induced by the
larger amount of dopants as also pointed out in Refs. 30 and 37. The
significant shortening of the carrier lifetime with doping impurities is
an obvious obstacle in the design of a potential germanium lasing
device as suggested in Refs. 2, 3, 5, and 15. We show how looking
at the energetic landscape and time resolved carrier dynamics in
macroscopic Ge-on-Si structures from a fundamental semiconductor
perspective benefits the understanding of this material system and its
application potential.

This work was supported by the Emmy Noether Programm of
the DFG (No. BR 5030/1-1).
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