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ABSTRACT

Understanding and determination of the ambipolar diffusivity of a semiconductor is fundamental for predicting device behavior and
optimizing its performance. Ultrafast pump-probe measurements allow for the determination of energy carrier dynamics with sub-
picosecond resolution. Due to the inherent diffusive nature of carriers, measurements with a high spatial resolution are needed, in addition to
the traditional pump-probe system, to determine not only the carrier dynamics but also the spatial extent caused by carrier diffusion as well.
In this work, a spatiotemporal measurement system with ultrafast temporal and nanometric spatial resolution, together with a comprehensive
transport model, is used to determine the ambipolar diffusivity and carrier-phonon energy coupling time in both undoped and doped silicon.
The results show that as the carrier density increases, the measured ambipolar diffusivity decreases with minimal variation in the carrier-
phonon energy coupling time. In general, this work demonstrates an optical-based method for determining ambipolar diffusivity in a semi-
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conductor material.
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During optical excitation of a semiconductor by an ultrafast laser,
excited carriers undergo changes in their Fermi-Dirac distributions
and are thrown into a non-equilibrated state." After momentum ran-
domization, the energy of carriers relaxes via a variety of mechanisms
from carrier-carrier scattering to carrier-optical phonon scattering and
others. During these relaxation processes, diffusion of excited carriers
occurs as well as energy exchange with the underlying phonon system
of the semiconductor. These picosecond timescale processes require
fast measurement techniques. Ultrafast spectroscopy is a powerful tool
that allows one to measure the optical response of a semiconductor,
resulting in a temporal trace of an observable that can be related to
the underlying transport properties. Since diffusion is inherently a
spatial process, the traditional ultrafast pump-probe system is modi-
fied in this work to include a spatial scanning pump with nanometric
spatial resolution. This spatiotemporal measurement has been used to
study the diffusion process of a plethora of materials. Metals have
been studied to show the electronic contribution to the overall diffu-
sion process during early delay times.” * The ultrafast optical response
of semiconductors was measured to study the overall response of

excited carriers.” ° Moreover, some newly developed materials have
also been studied to elucidate the relaxation dynamics after ultrafast
excitation.”'* This work intends to use the high-resolution spatio-
temporal pump-probe system to determine two important transport
parameters that dictate energy relaxation in semiconductors: the
ambipolar diffusivity and the carrier-phonon energy coupling time.
The spatiotemporal pump-probe measurement is used to study
the ultrafast dynamics of undoped, n-type, and p-type (100) silicon
with varying initial carrier densities. Briefly, an 80 MHz Ti:sapphire
laser, centered at 800 nm (1.55eV) with a compensated (CM) pulse
width of 250 fs full width at half maximum (FWHM), is split into a
pump and probe arm as seen in Fig. 1(a). The pump arm is then mod-
ulated by an electro-optical modulator (EOM) at 90kHz and fre-
quency doubled to 400 nm (3.10 eV) with the use of a barium borate
(BBO) crystal. The probe arm is delayed with a mechanical delay stage
(DS) and used for balance detection (BD). Both the pump and probe
are focused to 500 nm FWHM, near diffraction limited beam waists,
with a dry 0.90 NA objective (O). The pump and probe incident fluen-
ces are measured to be 2.0 and 0.1 mJ cm 2, respectively. To maintain
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FIG. 1. (a) A schematic of the spatiotemporal pump-probe setup. Here, a sub-picosecond 3.1eV pump and 1.55 eV probe are used to measure the spatial extent of the reflec-
tance change on the sample. (b) A full colormap of the normalized measured reflectance profile as a function of the pump-probe displacement and temporal delay. (c) The nor-
malized amplitude (open circles) and the spatial FWHM? (closed circles) of the reflectance profile are plotted as a function of temporal delay.

consistent beam waist sizes at the irradiated surface of interest, a con-
tinuous autofocusing system (AF) is used.” Additionally, an imaging
system (CCD) is used to ensure the sample surface is free of superficial
defects before the start of experimentation. All beams are combined to
a single optical path with the aid of dichroic mirrors (DC). The tempo-
ral resolution of the system is dictated by the FWHM pulse width of
both the pump and probe; here, the pulse widths are measured to be
500 fs via autocorrelation at the sample plane. The nanometric dis-
placement of the pump relative to the probe has a step size of 2 nm
at the sample plane, determined by precisely mapping the position of
the pump beam waist via knife edge measurements as a function of the
actuation of the piezo-actuated scanning tip/tilt mirror (SM). The
uncertainty of a measured FWHM (by extension, the FWHM?) is
determined by the uncertainty in the displacement of the pump and
the uncertainty in the probe detection system, which is dictated by the
signal-to-noise of the balance detection system, via a Monte Carlo
approach as follows: first, the temporal delay is fixed, and the pump is
displaced relative to the probe, producing a spatial trace of the reflec-
tance response. A FWHM value is determined by fitting a Gaussian
curve to this trace. Next, the experimentally measured trace is modi-
fied, point by point, by sampling the probability distributions that
closely describe the position and signal-to-noise ratio as random varia-
bles, effectively simulating a measured spatial trace. This process is
repeated 10,000 times to produce a distribution of possible FWHM
values. The uncertainty in a measured FWHM is then defined as plus
or minus twice the standard deviation of this distribution. All experi-
mental FWHM values are measured to within 10% uncertainty or less.
Details of the experimental setup and the measurement uncertainty
quantification can be found in earlier works.”*

A piece of (100) undoped silicon with an initial carrier density of
10" cm s first studied, and the spatiotemporal reflectance measure-
ment is presented in Figs. 1(b) and 1(c). Due to the radially symmetric
optical response of the sample, one-dimensional scan lines are per-
formed as a function of temporal delay. Each scan line is fitted to a
Gaussian curve to extract a peak signal value and a spatial FWHM.
Hence, from a single experiment, the amplitude of the optical reflec-
tance and its FWHM? are obtained. To extract the ambipolar diffusiv-
ity and carrier-phonon energy coupling time, a complete transport
model containing the spatiotemporal evolution of carrier density

[Fig. 2(a)], carrier temperature [Fig. 2(b)], and phonon temperature
[Fig. 2(c)] is numerically solved. Details of this model can be found in
previous works™' " and are summarized in supplementary material
Note 1. The simulation results from the complete transport model are
then given as inputs to an optical response model [Fig. 2(d)] at the
probe photon energy to calculate the expected reflectance.”'®'? From
the simulated reflectance, the difference with the experimentally mea-
sured normalized amplitude change and FWHM? datasets is com-
puted as a function of the transport properties of interest. A standard
least squares fitting routine is used, and the uncertainty in the reported
value is calculated from a covariance/variance matrix method.” The
best fitted results are shown in Figs. 2(e) and 2(f). Here, an ambipolar
diffusivity value of 21 = 4 cm®s™ ' and carrier-phonon energy coupling
time of 4.5 %+ 1.0 ps are determined for undoped silicon with uncer-
tainty defined as plus or minus one standard deviation.

Here, it will be illustrated that a diffusion coefficient and a relaxa-
tion time can be deduced from a spatiotemporal measurement using a
simplified model; the method of using the complete transport model
to extract both ambipolar diffusivity and carrier-phonon coupling
time is compared against this approach. First, it is noted that the gov-
erning PDEs are similar in functional form to a continuity equation
with a time dependent diffusion coefficient, D(t), and relaxation rate,
I'. Therefore, the spatiotemporal evolution of an observable in ques-
tion, u, is expressed as

Ou
a—i—V(—D(t)Vu) =-Tu+S, (1)

where S represents a Dirac delta source in time with a Gaussian spatial
distribution, similar to the laser excitation source used in this work.
The solution to Eq. (1) is given by

F—ct 410g(2) il 2
u(?,t) = 03—(t)exp —4log 20 (2)
¢

a*(t) = o> + 161og(2) J D(s)ds. (3)
0

Here, 7 refers to a standard position vector, o2 is the initial spatial

FWHM? of S taken as the beam waist of the focused pump laser, and
C is a constant. From Eq. (2), the amplitude of the response, A, evolves
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FIG. 2. A colormap of the simulated spatiotemporal evolution of the transport variables of interest: (a) carrier density (in units of 1025 m=2), (b) carrier temperature (in units of
K), and (c) phonon temperature (in units of K). Once all transport variables are simulated, the optical model is used to calculate the (d) expected normalized reflectance change
at the probe wavelength. Here, both the (e) peak amplitude and the (f) FWHM? of the modeled reflectance map can be compared to the acquired data. The best fitted result

from the complete transport model shows a good fit well within the experimental error.

as e""*g73(t), whereas the FWHM? of the observable evolves as ¢ (t).
A phenomenological expression'’ relating the derivative of the
FWHM? to a diffusion coefficient is given as

Oc*(t)
ot

where D,, is a generalized diffusion coefficient with appropriate units
and m denotes the type of diffusion. Previous works have used this
phenomenological expression to deduce a diffusion coefficient.”*”*’
In this work, a normal diffusion process is first assumed, and the vari-
able m is set to 1. A discussion of finding the values of m together with
the generalized diffusion coefficient is given in the supplementary
material Note 2. This simplified model shows that the FWHM? is
insensitive to the relaxation rate of the observable and only to the gen-
eralized diffusion coefficient. As for the amplitude, the normalized sen-
sitivities to the relaxation rate and FWHM® can be defined as
0 =T OA/OT and d0? = 2 DA/Da?, respectively. Defining a relax-
ation time as t = "', the magnitude of the normalized sensitivity of
the amplitude to the relaxation rate, relative to the FWHM?, can be

expressed as
2
ot =3 (4o )
3\t

Equation (5) states that if the relaxation time is small (equivalently, if
the relaxation rate is large) relative to the time scales of interest, then
the normalized sensitivity of the amplitude to I" is larger in magnitude
than the normalized sensitivity of the amplitude to ¢2(¢). Under these
conditions, the experimental normalized amplitude dataset of the

= 16log(2)mD,,t"™ ", (4)

reflectance can be used to determine an underlying relaxation time
(the reciprocal of the relaxation rate), and the experimental FWHM?
dataset can be used to determine a diffusion coefficient.

We investigate the effects of density and type of dopants on the
transport properties. Here, both n-type and p-type (100) silicon wafers
are studied. The n-type silicon used in this work has an initial carrier
density of 10" ecm 2 (lown) and 10" cm ™3 (high n); the p-type silicon
has an initial carrier density of 10'>cm ™ (low p) and 10"’ cm™>
(high p). Figures 3(a)-3(e) show the FWHM? for all five samples of sil-
icon along with the best fitted complete transport model and Eq. (4) of
the simplified model. It should be noted that due to the fast computa-
tional aspect of fitting the FWHM? dataset to Eq. (4), a complete 95%
confidence band is constructed. The experimental FWHM? dataset is
modified via a Monte Carlo approach to consider both the scattered
aspects of the data itself and the experimental uncertainty in the
FWHM?2. Over 10000 simulated datasets are constructed, and a non-
linear fit to Eq. (4) is performed on each dataset. A distribution of all
best fitted diffusion coefficients is obtained. The confidence interval is
presented as upper and lower bounds (dashed lines in Fig. 3), and the
uncertainty in the diffusion coefficient fitted to the simple model is
defined as plus or minus twice the standard deviation. A summary of
the best fitted ambipolar diffusion coefficient from the complete trans-
port model and diffusion coefficient from the simple model is given in
Fig. 3(f). Within the framework of the complete transport model, the
mean value of the ambipolar diffusion coefficient is found to mono-
tonically decrease as a function of the initial carrier density, irrespective
of the dopant type. Using the framework of the simplified model, the
fitted diffusion coefficient is found to have a similar trend with the
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FIG. 3. Experimentally measured FWHM? plotted against the best fitted transport model result along with a 95% confidence interval calculated from the nonlinear curve fitting
to Eq. (4) for (a) undoped, (b) lightly doped p-type, (c) heavily doped p-type, (d) lightly doped n-type, and (e) heavily doped n-type (100) silicon. (f) The ambipolar diffusion coef-
ficient is found by fitting to the complete transport model (open circles) and from the nonlinear curve fit of the experimental data to exponential decay functions (closed circles).

diffusion coefficient decreasing as a function of the initial carrier den-
sity. Note that the uncertainty in the complete transport model is
larger since two variables are determined simultaneously.

Figures 4(a)-4(e) show the normalized amplitude for all five sam-
ples of silicon plotted along with the best fitted complete transport
model and the best nonlinear curve fitting result to multi-exponential
functions. A summary of the best fitted carrier-phonon energy cou-
pling time and relaxation time for all five samples is given in Fig. 4(f).
Within the framework of the complete transport model, the carrier-
phonon energy coupling time is found to have minimal variation with
average values ranging from 3 to 5 ps. Figure 4(f) also shows that the
relaxation time for these samples extracted using the simplified model
is slightly different than those predicted by the complete transport
model. The discrepancy may be because the simplified model does not
consider the underlying coupled mechanisms such as diffusion of car-
rier and carrier-phonon energy relaxation. Therefore, the authors cau-
tion the sole use of the simplified model to extract the transport
properties of interest. More discussions on the simplified model are
given in the supplementary material Notes 2 and 3. Nevertheless, the
use of simplified model is beneficial for an initial determination of pos-
sible transport properties and can be used as an initial guess when fit-
ting the experimental datasets to the complete transport model, greatly
reducing the computation cost of searching for the best fitted parame-
ters. It is found that this methodology allowed the number of iterations
of the fitting routine to decrease, reducing the total computational cost
of extracting the two transport parameters in question using the com-
plete transport model. Finally, it should be noted that the simplified
model can hold physically meaningful results and can elucidate the

diffusion process by allowing a rapid initial determination of both a
relaxation time and a diffusion coefficient. Additional discussion on
the time constants found by the fitting of multi-exponential functions
can be found in the supplementary material Note 3.

Undoped (100) silicon has been shown to have a room tempera-
ture ambipolar diffusivity”’* between 18 and 36 cm®s ' along with
carrier-phonon energy coupling time in the picosecond timescale.”’
The value of the ambipolar diffusivity determined from the ultrafast
spatiotemporal measurement with the complete transport model is
lower than the literature room temperature value. This observation is
attributed to the large density change of carrier in the conduction
band, which has been observed in previous measurements.””>** It is
noted that the complete transport model used in this work assumes a
generation of excess carriers with excess kinetic energy after crossing
the bandgap (see the supplementary material Note 1). Therefore, the
total number of photoexcited carriers is modeled as virtually indepen-
dent of initial dopant type and initial density. With the absorbed
pump fluence used in experimentation, a net maximum carrier
density change of the excited carrier density (=~ 10*° cm ™) is simu-
lated in all cases. Therefore, the results presented in this work are
those of the total carrier density n, which is the sum of the initial
carrier density, 1,, and the excited carrier density, An. Considering
that the initial carrier density n, for the undoped and lightly doped
samples is several orders of magnitude less than that of the excited
carrier density An, in these cases, their ambipolar diffusivities
should be similar; this is consistent with the measurement results.
On the other hand, in the highly doped cases, the initial carrier
density n, is within one order of magnitude of that of the excited
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FIG. 4. Experimentally measured peak normalized amplitude plotted against the best fitted physical model result along with a 95% prediction band calculated from the nonlinear
curve fitting to exponential curves for (a) undoped, (b) lightly doped p-type, (c) heavily doped p-type, (d) lightly doped n-type, and (e) heavily doped n-type (100) silicon. (f) The
carrier-phonon energy coupling time is found from the complete transport model (open circles) and from the nonlinear curve fit of the experimental data to exponential decay

functions (closed circles).

carrier density An, resulting in a higher total carrier density relative
to the undoped and lightly doped cases. A decrease in the ambipo-
lar diffusivity is observed, which is consistent with the trend that
ambipolar diffusivity decreases with carrier density.*

In conclusion, an ultrafast spatiotemporal pump-probe system
with sub-picosecond temporal resolution and nanometric spatial reso-
lution was used to extract the ambipolar diffusivity and carrier-
phonon energy coupling time of undoped, lightly doped, and heavily
doped (100) silicon. A complete transport model accounting for
changes in the excited carrier density, carrier energy, and phonon
energy was used in combination with an optical transport model to
determine two transport parameters: the carrier-phonon energy cou-
pling time and the ambipolar diffusivity. It was found that the ambipo-
lar diffusivity decreased as a function of carrier density, independent of
dopant type. The carrier-phonon energy coupling time was also found
to decrease with carrier density through the framework of the complete
transport model; however, the experiment results have large uncertain-
ties for determining the temperature dependency. The complete trans-
port model was compared against a simpler model, which provides
physically meaningful initial determination of possible transport prop-
erties. These possible transport values were then used as starting points
when searching for the best fitted parameters with the complete trans-
port model, reducing computational cost. The advantages of this
experimental procedure allow one to simultaneously determine tem-
poral and spatial transport properties of excited carriers in semicon-
ductors with a single spatiotemporal measurement and can be
expanded to the studies of other types of semiconductor materials
including 2D semiconductor materials.

See the supplementary material for details of complete transport
model, power law of the diffusion process, and discussion on time
constants.
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