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We demonstrate an innovative pump-probe technique for the determination of free carrier
absorption, diffusivity, and internal quantum efficiency in Si. The internal quantum efficiencies for
excitation by 800 nm, 400 nm, and 267 nm light are found to be 1.00, 1.00, and 1.25, respectively.
The free carrier absorption cross section at 1510 nm is determined to be rFCA ¼ 1.69 " 10#17 cm2
and an increased value is observed for high carrier concentrations. A model for free carrier
diffusion and absorption is used to extract the relationship between rFCA and carrier concentration.
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819447]
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The performance of photovoltaic materials depends predominantly on ultrafast carrier dynamics such as carrier cooling, diffusion, and recombination. In the development of
more efficient solar technology, a contactless and nondestructive probe of these dynamics is vital. Indeed, a number of
methods (e.g., pump-probe, photoconductivity, two-photon
photoemission, photoluminescence) have been developed to
study these phenomena.1–3 Among them, pump-probe is most
attractive due to pulse-width limited time resolution, ease of
control over carrier injection level, and access to both bulk
and surface phenomena in direct and indirect bandgap
materials.4–7
Of particular technological interest is the quantum efficiency of photocarrier generation. In silicon solar cells, photons with energy greater than the bandgap produce free
carriers with excess energy (hot carriers) that typically relax
by carrier-phonon scattering (heat generation) within a few
hundred femtoseconds.1,2 For photon energies near or
exceeding the direct bandgap energy (3.4 eV), carrier-carrier
scattering can instead generate a second electron-hole pair
through impact ionization, and the internal quantum efficiency (IQE) exceeds unity.8,9 This can lead to increased solar cell efficiency, and in fact some researchers seek to
engineer 3rd generation photovoltaic materials that will promote impact ionization over heat generation.10
Herein, an all-optical and nondestructive pump-probe
technique is demonstrated for the measurement of free carrier absorption (FCA), diffusivity, and IQE in a bulk semiconductor through detection of both the transmission and
reflection of the probe beam. The method relies on the wellknown free carrier-induced changes in the reflectivity and
absorptivity of a semiconductor, which are well described by
the Drude model.11 Accordingly, free carriers absorb infrared (IR) and near-IR radiation with a sensitivity given by the
free carrier absorption cross section rFCA . By quantifying the
FCA of a probe beam in the near-IR, the Beer-Lambert
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relationship is used to calculate the free carrier sheet concentration (FCSC)
! "
ln IIo
N! ¼
;
(1)
rFCA
where Io is the incident probe pulse energy and I is Io minus
the energy absorbed by free carriers. N! represents the number of free carriers per unit area of the substrate surface and
is equal to the volume carrier concentration (N) integrated
though the depth of the sample.
The experimental setup is shown in Fig. 1. An amplified
Ti:Sapphire laser (Spectra-Physics Tsunami) produces
800 nm pulses of approximately 110 fs FWHM duration at a
repetition rate of 1 kHz, which are split into a pump line and
probe line. The pump line can undergo second and third harmonic generation using beta-barium borate (BBO) crystals
to produce 400 nm or 267 nm light, respectively. A portion
of each pump pulse is collected by detector D3 and used for
excitation energy normalization. The probe line undergoes
optical parametric amplification to produce 1510 nm, and
travels along a delay stage that provides up to 3.5 ns of delay
time relative to the pump pulse. Both the transmission and
reflection of the probe pulses are detected and normalized
using a probe reference detector (D4) to increase the signal
to noise ratio.
The samples used in this study are double-side polished
h100i Si wafers of high purity (undoped, R ¼ 5000–8000 X
cm). The wafers are subjected to the RCA standard clean12
followed by etching in buffered oxide etch (BOE), and
finally oxidation in a tube furnace to grow a thermal oxide of
approximately 50 nm. The thermal oxide produces a smooth
Si/SiO2 interface13 that minimizes surface recombination.
The purpose of monitoring the reflectivity of the probe
beam is two-fold. First, the magnitude of DR/R is proportional to total number of free carriers in the effective observation depth of approximately 35 nm (¼ k/4pjnj, where n is
the complex index of refraction).2 Therefore, a measure of
reflectivity provides a picture of how the near-surface carrier
concentration evolves in time. Second, DR is used as a
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FIG. 1. Experimental setup. BS, beam splitter; OPA, optical parametric amplifier; HG2, 2nd harmonic generation BBO crystal; HG3, 3rd harmonic
generation BBO crystal; CDC, calcite delay compensator; HS, harmonic
separator; M, mirror; D, detector; SP, sample; CW, chopper wheel.

correction factor when calculating the amount of FCA from
DT (T is transmission). When the near surface carrier concentration is high, the change in reflectivity can significantly
affect the amount of light that is transmitted through the wafer. By monitoring both DR and DT, an accurate value for
FCA is determined.
In order to calculate IQE from the measured FCSC, a
careful normalization is performed. The FCSC is normalized
by the pump beam photon flux in the probed region, corrected for sample reflectivity. When the pump beam is much
larger than the probe beam and the two are well overlapped,
this flux is approximately constant over the probed region. In
this study, the Gaussian beam width of the pump beam is
always at least 7" larger than that of the probe beam.
Therefore, the photon flux at the center of the pump beam is
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used for the normalization. It is calculated using the total
pump pulse energy and spatial profile of the beam (measured
using the razor edge method).
rFCA is the free parameter in the calculation of IQE.
Following the normalization described above, the value of
rFCA is assigned a value such that the IQE for carrier generation by 800 nm is equal to unity. This produces rFCA ¼ 1.69
" 10#17 cm2, which is the value used with Eq. (1) for analysis of the data presented in Figures 2 and 3. The value of
rFCA is not documented for the probe wavelength of
1510 nm, but the value determined here is in good agreement
with literature values when taking into account the wellknown k scaling behavior.7,14
Fig. 2 shows the IQE of carrier generation in Si for each
of the excitation wavelengths. At time t ¼ 0, the pump pulse
promotes electrons from the valence band to the conduction
band. These free carriers are generated with a concentration
profile that decays exponentially according to the absorption
parameter a.4 In Si, photons with energy near or exceeding
the direct band-gap (3.4 eV) are absorbed very quickly, giving rise to high carrier concentrations ($ 2.5 " 1020 cm#3)
near the surface of the wafer where light is incident. These
carrier concentrations require a more elaborate treatment of
N! than Eq. (1), which assumes a constant value for rFCA .
Indeed, this assumption leads to an apparent decay of IQE in
the traces for 400 nm and 267 nm (beginning at 1 ps and ending by 2000 ps). The decay is absent for 800 nm due to the
much longer absorption depth and consequently lower carrier
concentration. A model for the treatment of rFCA at high N is
discussed below.
Each trace in Fig. 2 flattens by t ¼ 2000 ps to a single
value of IQE. At this point, the only decay in IQE would be
due to interband recombination. The traces appear flat

FIG. 2. Internal quantum efficiency for carrier generation in Si at three different excitation wavelengths. Excitation intensities are 94 lJ/cm2, 157 lJ/cm2, and
77 lJ/cm2 for 267 nm, 400 nm, and 800 nm, respectively. The decays in traces (a) and (b) correspond to carrier diffusion from regions of high carrier density to
regions of lower carrier density. The IQE is the value at which the traces flatten. The dashed lines are at IQE values of 1.00 and 1.25. The inset is zoomed in
around time t ¼ 0.
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FIG. 3. Excitation intensity dependence of the apparent decay in IQE for 400 nm excitation. Solid lines are fits to the data, where the N dependence of rFCA is
taken into account. The inset is zoomed in after time t ¼ 0.

because this recombination is slow relative to the timescale
of the measurement. Therefore, the IQE values have been
extracted as the asymptotic value of each trace at long time
(dashed lines). The values of IQE are 1.00, 1.00, and 1.25 for
800 nm, 400 nm, and 267 nm, respectively. Within our preliminary data sets, the range of IQE values extracted from
scans under nominally identical experimental conditions is
within the range 60.02.
The values of IQE determined here are consistent with
those previously obtained by measurements of reflectance
and short circuit current on illuminated solar cell devices.8
Though there is always some uncertainty in the measurement
of reflectivity and calibration of reference detectors, it is
well known that the IQEs for 800 nm and 400 nm illumination are equal to unity.15 For photon energies exceeding
3.25 eV, however, there is some discrepancy in the reported
values. In many cases, this is attributed to differences in doping or a free carrier collection efficiency that depends on excitation wavelength, both of which are irrelevant for the
contactless technique demonstrated here. In any case, the
values of IQE previously reported for 267 nm excitation fall
within the range of 1.1–1.3.8
The decay of IQE in the 267 nm and 400 nm traces
(Fig. 2) is due to a free carrier absorption cross section
ðrFCA Þ that is increased immediately after excitation and
decays with time to the constant value of 1.69 " 10#17 cm2.
There are two possible explanations for the increase in rFCA .
One is that the free carrier excess energy is dissipated to the
lattice within a few hundred fs of excitation, resulting in an
elevated lattice temperature.1,2,16 Since rFCA increases linearly with temperature,17 this could result in an initially
increased value for rFCA that decays as the lattice equilibrates with room temperature. However, using the approach
in Ref. 17 and an estimated maximum lattice temperature
increase in 6 K (for trace (b) in Fig. 2), rFCA is only expected

to increase by 0.02 " 10#17 cm2. Thus, this explanation cannot account for the observed enhancement in rFCA of up to a
factor of 1.5. The second explanation is that 400 nm and
267 nm lights have short absorption depths of approximately
90 nm and 5 nm, respectively,18 resulting in high free carrier
concentrations near the surface of the sample. It is known
that rFCA increases with carrier concentrations greater than
approximately 2 " 1017 cm#3,4,19 due to increased rates for
carrier-carrier scattering.20,21,27 With initial (t ¼ 0) nearsurface carrier concentrations of 2.5 " 1020 cm#3 and
3.5 " 1019 cm#3 for traces (a) and (b) in Fig. 2, respectively,
this should result in an initially increased value for rFCA that
decays as carriers diffuse into the bulk.
To account for consequences of these two effects (carrier diffusion and the dependence of rFCA on N) in determining IQE, we begin with diffusion. The initial distribution of
photocarriers is exponential, and we assume that it evolves
in time according to Fick’s Law. This one-dimensional
Fick’s Law diffusion problem (with an initial exponential
distribution) has been solved analytically22 and gives N(z,t).
Knowing the absorbed excitation photon flux and absorption
depth, the only remaining parameter is the carrier diffusivity
which we take to be 20 cm2/s.23,24
From Isenberg and Warta,25 the shape of the rFCA versus
N relationship is clearly sigmoidal in log(N) (Fig. 4). In
modeling our IQE curves, we adopt this form but allow the
sigmoid parameters to vary as we perform a non-linear least
squares global fit of the data in Fig. 3. The fitting algorithm
is derived from the differential form of the Beer-Lambert
relationship and integrated over 10 absorption depths (of the
pump beam):
# $ 10a
ð
Io
¼ Nðz; tÞrðz; tÞdz:
ln
I

(2)

0
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FIG. 4. Correction factor for rFCA relative to the value at N ¼ 1016 cm#3.
This work applies to FCA in photo-excited Si, while the curve from
Isenberg and Warta applies to FCA in doped Si. Reproduced with permission from J. Isenberg and W. Warta, Appl. Phys. Lett. 84(13), 2265 (2004).
Copyright 2004 American Institute of Physics.

This analysis has essentially asked the question: Is our
determination of IQE consistent with a model where rFCA
varies with depth and time because of its dependence on
N(z,t)? The answer, judging from Figure 3, is certainly yes.
At times greater than 1 ps, the solid lines of our model fits
are in very good agreement with the experimental data.
Fig. 3 shows the excitation intensity dependence of IQE
for 400 nm excitation. For clarity, we have truncated the data
on the rising edge of the initial peak (t < 0). The inset shows
that the magnitude of the decay increases monotonically
with excitation intensity, as is predicted by the N dependence
of rFCA discussed above. Furthermore, each data set asymptotically approaches the same IQE value of 1.00, which verifies that the decay is not due to recombination. The fits for
(a) and (b) slightly overestimate the IQE at long times, which
may be due to carrier diffusivity that increases with decreasing carrier concentration,24,26 whereas our model assumes a
constant diffusivity.
Our determination of rFCA enhancement versus N for
photocarriers is shown in Fig. 4, along with Isenberg and
Warta whose work applies to FCA in doped Si. The lower
enhancement factor determined here can be explained by
the difference between samples where free carriers are produced by photo-excitation versus those where free carriers
are produced by doping. The enhancement of rFCA in doped
samples is largely due to carrier-lattice scattering and is
well predicted by the change in carrier mobility.21,25 This
effect causes an enhancement in rFCA beginning at carrier
concentrations of approximately 1 " 1016 cm#3.25 In contrast, the enhancement of rFCA in photo-excited samples
occurs due to carrier-carrier scattering, and arises only for
concentrations >2 " 1017 cm#3.4,7,19,21,27 Thus, it is not surprising that the observed enhancement in rFCA begins at
approximately 1018 cm#3.
Free carrier diffusion into the bulk is verified by a plot
of DR/R versus probe time delay (data not shown). The magnitude of DR/R is proportional to the total number of free
carriers within approximately 35 nm of the Si surface, and
the decay corresponds to diffusion of carriers into the
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bulk.6,28 The timescale of the decay in DR/R and the decay
in IQE are nearly equivalent, giving support to the conclusion that the decay in IQE is due to carrier diffusion.
In conclusion, a contactless and nondestructive method
has been demonstrated for the observation of free carrier
absorption, diffusivity, and IQE in semiconductors. By monitoring both the reflection and transmission of the probe
beam and normalizing by absorbed excitation photon flux,
the IQE of carrier generation in Si has been measured for
three different excitation wavelengths. Using this technique
on bulk semiconductors, the IQE along with an observation
of ultrafast carrier dynamics is available within the same
experiment. Work in progress applies this technique to more
complex photovoltaic materials to explore the possibility of
heterojunction assisted impact ionization in unbiased
materials.
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