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Temperature-dependent Auger recombination dynamics in luminescent silicon nanowires
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The optical properties of luminescent Ti-catalyzed Si nanowires are analyzed using continuous-wave and
time-resolved photoluminescence (PL) spectroscopy at excitation intensities (I,,) above 1 W/cm?. At these
pump intensities, the PL intensity tends to saturate and the PL decay rate decreases with increasing /... These
results can be described within the construct of a quasi-two-level rate-equation model that allows for exciton-
exciton Auger recombination. Analysis shows that the room-temperature Auger coefficient (C,), and thus, the
Auger rate is roughly two orders of magnitude less than those estimated for silicon nanoparticles in an oxide
matrix. The temperature dependence of the Auger process in the nanowires resembles bulk Si, in which Auger
processes are phonon assisted. This work provides valuable quantitative information on one of the key nonra-
diative processes limiting optical gain from Si nanostructures and could prove important in the design of a

Si-based laser.
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I. INTRODUCTION

As an indirect band-gap semiconductor, bulk silicon (Si)
is an inefficient light emitter relative to its direct-gap coun-
terparts, with photoluminescence (PL) external quantum ef-
ficiencies (EQE) reaching 10% in only specially prepared
high-quality substrates.!> However, efficient PL has been ob-
served in various nanostructured Si material systems, such as
porous Si and Si nanocrystals (Si-nc) within dielectric
matrices.>* Internal quantum efficiencies of the radiative
process higher than 60% have been measured in some cases.’
This high efficiency is attributed to the suppression of non-
radiative decay pathways, as well as an increase in the radia-
tive decay rate due to quantum confinement. The observation
of time-resolved optical gain on nanosecond time scales
from silicon-rich oxide films® has recently generated much
interest in the creation of an electrically pumped all-Si laser.”
However, the long radiative lifetime in these systems means
that short-lifetime nonradiative processes can dominate at
high pump powers, thereby, limiting the possibility of
continuous-wave optical gain.

A key process reducing optical gain in Si-nc at high car-
rier injection levels is Auger recombination (AR),® whereby
excited carriers recombine nonradiatively and transfer the
energy to other carriers.” Many studies of AR in bulk semi-
conductors for various dopant concentrations and carrier in-
jection levels (via optical excitation) have been performed,
and the Auger process in the bulk is quite well understood
both theoretically and experimentally.'%!3 Despite the wealth
of knowledge on AR in bulk Si and its prevalence in Si-
based light emitters, little experimental work has been done
to quantify this process in luminescent Si nanostructures and
understand its dependence on the dimensionality of the sys-
tem.

The size and dimensionality of a semiconductor is known
to greatly affect the character and rate of the Auger process.
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In most bulk semiconductor systems at room temperature,
including Si, AR occurs via a process involving three free
carriers, and the PL decay rate (the reciprocal lifetime with
units s7!) is proportional to the square of the carrier concen-
tration, N2. In contrast, one-dimensional (1D) structures can
exhibit increased electron-hole overlap and dielectric con-
stant mismatch between the host wire and its surroundings.
This can result in an exciton binding energy that exceeds the
thermal energy, kgT.'*!> In this case, the majority of the
excited carriers are in the form of excitons and AR occurs in
the form of exciton-exciton or so-called bimolecular annihi-
lation. Since this process involves two bound electron-hole
pairs (or particles), this bimolecular AR rate scales linearly
with N. Theoretical and experimental studies of compound
semiconductor nanowires (NWs) have shown such linear de-
pendence of the PL decay rate on carrier concentration.'®!7
There are few such studies on confined indirect band-gap
systems, and none have experimentally explored this process
and its temperature dependence in 1D Si wires.!®

In this paper, we study the onset of AR in luminescent
Ti-catalyzed Si nanowires (SiNWs) by measuring the excita-
tion intensity dependence of the PL and the PL decay life-
time. Our results are well explained by a quasi-two-level
model that accounts for excitonic Auger recombination, and
this model allows us to deduce a value of the Auger coeffi-
cient, which quantifies the propensity for Auger recombina-
tion over a range of carrier concentrations. Measuring the
Auger coefficient at temperatures ranging from 400 down to
4 K, we show that the Auger rate in NWs is lower than the
rate in both Si-nc and bulk Si. This finding is significant for
the design of an electrically pumped laser based on Si
nanostructures.” The temperature dependence of the Auger
Coefficient suggests that the AR process occurs via the me-
diation of phonons—similar to phonon-assisted AR in bulk
Si.
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II. EXPERIMENT
A. Nanowire growth and oxidation

TiSi,-catalyzed SINW arrays were grown by depositing Ti
on an Sb-doped, n-type (100)Si wafer. The samples were
then annealed at 900 °C in H, for 5 min to form the TiSi,
catalyst islands. To grow the NWs, the samples were exposed
to a mixture of SiH,, HCI, and H, at 680 °C for 30 min.'?
Judging from the solid solubility of Ti in bulk Si at the
growth temperature, the Ti impurity concentration in the
SiNW is believed to be on the order of 1X 108 cm™ and,
therefore, will have a negligible effect on the electronic
properties.’ Following NW growth, the samples were etched
in 2% HF for 1 min to remove the native oxide from the
NWs. The NW samples were then thermally oxidized at
950 °C for 40 min to shrink the nanowire crystalline core
diameter to 3.3=1.6 nm.?! This decrease in diameter in-
duces a shift in the PL energy from its bulk value due to
quantum confinement effects. Immediately following oxida-
tion, the samples were annealed in Ar at the oxidation tem-
perature, then annealed in forming gas (5% H, and 95% N,)
at 450 °C for 30 min to ensure all oxidants in the wire have
reacted with the SINW core and to passivate defects.

B. Photoluminescence analysis

NW samples were loaded into an Oxford Instruments Mi-
crostatHe liquid He cryostat and pumped to high vacuum
(107-Torr range). The sample temperature was controlled
between 4 and 400 K. The 488-nm line of an Ar* ion laser
was used to excite PL, focused to a spot area of 0.017 mm?
on the sample. Using a continuously variable neutral density
filter, the excitation intensity was controlled from 0.1 to
100 W/cm?. The excitation power was measured with an
optical power meter, and the excitation spot size was deter-
mined at the focal point with the razor edge technique. PL
was collected and passed through an Acton grating mono-
chromator, and spectra were measured using a Princeton In-
struments liquid nitrogen-cooled Si charge coupled device
(CCD) connected to the monochromator. All spectra were
corrected for the CCD spectral response. PL lifetime mea-
surements were made by modulating the continuous-wave
Ar* ion laser beam with an Acousto-Optic Modulator at a
50% duty cycle and a 1-5-ms period. The laser modulation
function is a square wave with a rise time of <10 ns, faster
than both the excitation and decay processes by a few orders
of magnitude. This waveform allows for excitation of the
NWs to steady-state conditions. The time-varying PL was
collected and detected by a fast (<5 ns response time)
Hamamatsu photomultiplier tube (PMT) connected to a Stan-
ford Research Systems multichannel photon counter.

III. RESULTS AND DISCUSSION
A. PL and lifetime data

Figure 1 shows PL spectra taken from a TiSi,-catalyzed
SiNW sample after a 40 min oxidation for three different
excitation intensities. The peak position at room temperature
under low-pump intensity is around 800 nm, consistent with
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FIG. 1. (Color online) Room-temperature photoluminescence

spectra of oxidized Si nanowires taken at pump intensities of
0.06 W/cm?, 3 W/cm?, and 56 W/cm’ (pump wavelength
=488 nm). Inset shows representative dark-field transmission elec-
tron microscope image of crystalline Si core (bright region) sur-

rounded by an amorphous oxide.

an average SiINW diameter of about 3 nm. The significant
width of the spectrum is a direct result of the distribution
NW sizes, with the smaller diameter wires emitting at shorter
wavelengths.”! Dark-Field Transmission Electron Micros-
copy (DFTEM) confirms the presence of crystalline Si cores
on the order of 3 nm in diameter (inset). At low excitation
intensities (I.,,<0.1 W/cm?), the PL decay lifetime (7,) at
800 nm (as fit with a stretched exponential decay fit function
of the form exp[—(¢/7,)?]) is on the order of 50 us and has
a B factor of 0.85. These aspects of the PL suggest it arises
from confined excitons in the Si cores.?”* Also, it is likely
that the multiexponential decay in this system of spatially
isolated SiNWs arises from variations in shape and dimen-
sion, but could also be related to the indirect gap of the
wires.?"?7 An increase in the excitation intensity over three
decades induces a small but noticeable 15-nm blueshift in PL
peak position (Fig. 1). In Secs. III B and III C, we further
investigate the dependence of the optical properties of the
NWs on excitation density.
Figure 2 shows the PL intensity and decay lifetime as
functions of excitation intensity, I.,. These two quantities
exhibit two distinct regimes. At low excitation conditions,
the PL intensity scales linearly with I, giving rise to a slope
of about 1 in the log-log plot. Above 1 W/cm?, the PL
power law becomes sublinear. The decay lifetime is constant
at low-pump intensity, but decreases at intensities above a
similar threshold. To investigate the lifetime shortening, we
compare two PL decay traces taken with high and low I,
(inset). The low-I,, trace taken at 0.19 W/cm? is best de-
scribed with a stretched exponential decay curve with
B=0.85 and a lifetime of 49 us. The trace taken at
56 W/cm? shows a substantial shortening of the 1/e life-
time as well as a decrease in S, but retains the long-lifetime
behavior. The observed PL saturation and lifetime shortening
at high I, are consistent with and attributed to AR
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FIG. 2. (a) Log-log plot of photoluminescence (PL) intensity vs
excitation intensity for TiSi,-catalyzed Si nanowires. The solid line
serves as a guide for the eye. (b) Log-log plot of PL decay lifetime,
7, as a function of excitation intensity. The line is a guide for the
eye. The horizontal axis range is the same for both plots. The inset
shows two normalized PL decay traces, taken at different excitation
intensities. The gray line was taken at 0.19 W/cm? and the black
line was taken at 56 W/cm?.

effects.!>!% The observed blueshift with increasing 1., is also
consistent with AR recombination setting in at low /., for the
larger diameter (and thus larger excitation cross section)
SiNWs.

B. Excitation cross section

In order to provide a quantitative analysis of the Auger
process, we need to determine the excited carrier concentra-
tion as a function of /.. To this end, we must first determine
the excitation cross section, o. The excitation cross section
can be found by considering the state-filling equations in the
low-pump-power regime, where AR can be ignored. The pro-
cedure is similar to the one used for Si nanocrystals.® The
pump-power-dependent PL rise time, TC_); is given as a func-
tion of excitation photon flux, ¢

T;rll(¢)=0'd)+ T;’lo. (1)

Figure 3 is a plot of room-temperature excitation rate, rgj, as
a function of excitation photon flux ¢ (equal to I.,/%iw) for
low I, below the Auger threshold. 7, is found by fitting a
function of the form 1-exp(-t/7,,) to the lifetime trace
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FIG. 3. (Color online) Plot of excitation rate, 7';,1 as a function of
excitation photon flux, ¢. Inset shows the PL signal as a function of
time during a 488-nm excitation pulse with average power of
0.19 W/cm? and period of 1 ms with a 50% duty cycle.

while the excitation laser is on. The slope of the linear fit to
the data in Fig. 3 yields o, and the y intercept is the intrinsic
low-1,, decay lifetime, 7,,.

Using this procedure we find that ¢ is 3 X 10715 cm? at
the excitation wavelength of 488 nm and detection wave-
length of 800 nm. This o is roughly an order of magnitude
higher than that measured for Si nanoparticles.>?® The in-
crease in excitation cross section cannot simply be attributed
to the change in electronic properties with dimensionality
because one would expect less absorption for less-confined
indirect band-gap geometries. Rather, it is likely that the in-
crease in o is due to increased optical excitation field
strength inside the wire as compared to a spherical geometry.
In general, the optical-absorption cross section of a nano-
scale object under randomly polarized illumination can be
estimated from the expression o=aV|f]. Here, V is the object
volume, « is the bulk intensity absorption coefficient, and |f]
is a factor that accounts for geometry-dependent field en-
hancement inside the object.?>3* Using dielectric data for
bulk Si, the light intensity enhancement inside a wire is a
factor of 5 to 15 greater than that of a spherical particle for
silica and air hosts, respectively.3! This cross section is ex-
pected to be relatively temperature independent.?”

C. Auger coefficient

We are now in a position to quantitatively analyze the AR
process by revisiting the decay data in Fig. 2(b). As the de-
cay traces at sufficiently high /., exhibit two distinct time
scales, we can fit those traces with a double exponential
function of the form

£l (]
N()=Aexp|—— [+(1=A)exp|-| — | |. (2)
a Td,o

The first term describes the AR process and 7, is defined as
the Auger lifetime. This term dominates at short time scales.
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FIG. 4. Plot of Auger lifetime, 7,, vs excitation intensity at 50,
100, and 300 K. The solid lines are fits using the two-level model
shown in Egs. (3) and (4).

The second term describes the behavior at longer time scales
and 7, and B are fixed parameters found from the stretched
exponential fitting procedure used in the low-I,, regime. Fig-
ure 4 shows the values of 7, determined as a function of I,
at three different temperatures.

By studying the dependence of 7, on I, with a rate-
equation model, we determine an Auger coefficient that de-
scribes the AR rate at a certain carrier concentration. If we
assume that at all temperatures, excited carriers form exci-
tons which can participate in bimolecular AR,'*33 then the
upper-state (i.e., the exciton state) population is described by
the differential equation

dN _ ol N

dt - Ao (NT N) Tio CaN > (3)
where Ny is the total number of upper and lower states and
C, is the Auger coefficient. In our PL decay experiments, the
excitation pulse length was long enough to allow the system
to reach steady state at all pump intensities. Since the system
was able to reach steady state prior to the decay, the Auger
lifetime is dependent on the steady-state concentration just
before the excitation pulse is turned off at =0. Therefore, 7,
can be defined as

1

=, 4
Ta CaNss(Iex) ( )

where N(I.) is the steady-state exciton concentration,
which is a function of /.. From our measured 7, values
and the calculated values for Ny at various I, we
can determine C, with a least-squares fitting routine.
Here, C, is our only fitting parameter. These fits are shown
as the black solid lines in Fig. 4. This analysis yields values
for C, of (2.1+0.5)X10713, (45%0.15)x107"3, and
(1.3£0.2) X 107'2 cm®/s at 50, 100, and 300 K, respec-
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tively. It is important to note that good agreement is found
when modeling the Auger process as a two-particle process.
We have also investigated whether our data might be consis-
tent with an Auger process involving three free carriers, such
as electron-hole-electron (e-h-e) or electron-hole-hole re-
combination. This Auger lifetime would scale with 1/N?,
corresponding to a term that scales with N in a rate equation
such as Eq. (3). The best fits for the three-particle Auger
process yield trends that are inconsistent with our data.
Moreover, the three-particle analysis yields values for C, that
translate to physically unrealistic Auger lifetimes on the or-
der of 1 s. In agreement with previous predictions, the Auger
process in these 1D Si wires is indeed a two-particle process
involving two excitons and its rate scales linearly with N.

One possible mechanism for lifetime shortening is the lo-
cal heating of the Si nanostructure at high excitation
intensities.’*3> However, both the PL intensity and Auger
lifetime vs excitation intensity trend are the same at all tem-
peratures from 4 to 400 K examined in this study, which
excludes the possibility of local heating of the SINWs from
the excitation laser as a possible mechanism for the PL in-
tensity saturation and decay lifetime shortening in this inten-
sity range observed here. At low excitation intensities, the
decay lifetime of Si nanostructures increases sharply below
100 K and approaches 1 ms near 4 K.3* From 100 to 300 K
it changes by roughly a factor of 5, much less than the factor
of more than 10 change at lower temperatures. Therefore, if
heating were an issue in these measurements, the PL decay
lifetime would change much more drastically with I, (or
temperature) at 4 K than at 300 K and our model for AR
would not fit for all temperatures examined. Moreover, ac-
cording to Refs. 37 and 38, no significant temperature in-
crease is expected for the excitation intensities used in this
study. Thus, PL lifetime shortening and intensity saturation
due to sample heating are expected to be negligible.

It is worth pointing out that the decay trace fitting func-
tion, Eq. (2), employed in our analysis is an approximation
and was designed to properly fit both the short and the long
non-single-exponential time behavior and to determine these
characteristic time scales (i.e., 7, and 7,,). Whereas the so-
lution to Eq. (3) captures the physics of exciton recombina-
tion and bimolecular AR processes, it does not take into ac-
count processes that may give rise to the non-single-
exponential behavior at long time scales. The solution to Eq.
(3) after excitation is turned off at r=0 is

Nss exp[— t/Td,o]
1- CaNssTd,o CXp[— t/Td,o] + CaNssTd,o .

N() = &)
Figure 5 shows the comparison of the experimental data with
the phenomenological double exponential fit [Eq. (2)] and
the solution to the rate equation [Eq. (5)]. We find that using
the Auger coefficient found from Eq. (4) and the temporal
response from Eq. (5) faithfully reproduces the decay char-
acteristics of the system. It is noted that at long times, the
simulated trace deviates from that found from the double
exponential fit of Eq. (2). This is because the “stretched”
multiexponential nature of the decay, typical of Si nanostruc-
tures, is not captured in this temporal solution of the system
and the decay time is thus underestimated at long
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FIG. 5. (Color online) PL decay trace taken at room temperature
at 56 W/cm?. The solid line is a fit using Eq. (2) and the dashed
line is the trace predicted from the temporal solution of the model
contained in Eq. (5) and the measured Auger coefficient.

times.?>2"-¥ Although fitting to a double exponential func-
tion [Eq. (2)] is ad hoc, it provides good quantitative esti-
mates of 7, and 7,, in the confines of a physically intuitive
model, as shown by the accurate modeling of the experimen-
tal data by both decay expressions in Fig. 5.

For practical purposes, it is valuable to compare the rela-
tive magnitudes of the Auger rates in Si systems of different
dimensionality at a fixed, photoexcited electron-hole pair
(EHP) concentration. In performing this comparison, it
should be kept in mind that the respective mechanisms for
AR are distinct and follow different power laws. Consider
the Auger coefficient for bulk Si, which is on the order of
3% 1073 cm®/s at room temperature. At a high EHP density
of 110" c¢m™, the AR lifetime [7,=(C,N?)~"' for three-
particle processes] is on the order of 30 ns. This bulk value is
of the same order of magnitude that we observe in this nano-
wire system. At the same EHP density at room temperature,
an AR lifetime of about 75 ns is expected for the nanowires
in this study. The difference in rate compared to bulk Si
should not come as a surprise as both the AR mechanism and
band structure are different in the nanowire. It is also of note
that our value of 7, is almost two orders of magnitude longer
than that estimated for Si nanoparticles using a rate-equation
analysis and fits to nanoparticle PL decay traces.” At the
same carrier density of 1 X 10'” ¢cm™, the nanoparticle Au-
ger rate is 1 ns. Since the rate of the Auger transition scales
with exciton-exciton wave-function overlap according to
Fermi’s Golden Rule,*® a lower Auger coefficient in Si nano-
wires versus Si nanoparticles can be expected due to the
lower degree of quantum confinement in the 1D wire versus
the zero-dimensional (OD) dot. This observation is important
when one considers the competition of radiative and nonra-
diative processes in Si nanostructures at high carrier injec-
tion levels. Design of the Si nanostructure emitters to influ-
ence the strength of Auger recombination could help in
attaining higher levels of continuous-wave optical gain.

Figure 6 shows the temperature dependence of the Auger
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FIG. 6. (Color online) Plot of Auger coefficient versus sample
temperature. Solid line is a theoretical fit using the temperature
dependence for LO phonon-assisted Auger recombination in a bulk
material.

coefficient from 4 to 400 K. It was found that the Auger
coefficient decreased by roughly a factor of 20 relative to
room temperature to 6.1 X 107'* c¢m?/s at 4 K. At present, a
fully developed theoretical model for the temperature depen-
dence of excitonic AR in 1D structures does not exist.*!
However, it is useful to compare our results to the three-
particle AR processes seen in bulk semiconductors. The de-
crease in Auger coefficient at low temperatures is well de-
scribed by a theoretical model for bulk phonon-assisted AR
derived from Fermi’s Golden Rule and second-order pertur-
bation theory.*>”* This model predicts a temperature depen-
dence of the form

kT 1 (

o~ Ew/ksT 1
o BT
E%Z oELoks) _ |

(Ew—Ero)’ ’ (Eqw+Ero)?
(6)

where Ej o is the bulk Si LO phonon energy of 63 meV and
Ey, is the Auger threshold energy. Reasonable agreement is
found between this expression and the NW data (see solid
line in Fig. 6), and we find that Eg, is roughly 100 meV,
which is larger than the value of 44 meV found for bulk Si.*
Effects of quantum confinement, Si-SiO, interfacial traps
and strain in the Si core are not taken into account here and
play a role in the discrepancy between Auger threshold en-
ergies in wire and bulk. For NWs with diameters of 3 nm, the
indirect gap is conserved and phonon-assisted Auger pro-
cesses are still expected to play a large role.

The results of this study have interesting implications in
the realm of Si-based optoelectronics. Recent efforts to dem-
onstrate stimulated emission and lasing in Si nanocrystal sys-
tems highlight the important role Auger recombination plays
in limiting carrier inversion and possibilities for attaining
continuous-wave gain.>*’ As AR is fast compared to the
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spontaneous emission rate at high carrier concentration in
indirect-gap semiconductors, careful engineering of both ra-
diative, nonradiative, and AR rates is central to the achieve-
ment of an all-Si laser. The Si nanowires in this study have
both a larger absorption cross section and a smaller Auger
coefficient relative to Si nanocrystals in silica, both of which
improve the conditions for achieving continuous-wave gain.
From the expression for gain in a two-level system, one can
see that the magnitude of the gain is proportional to the
degree of population inversion, N,—N;, where N, and N, are
the upper- and lower-state populations, respectively.* Using
Eq. (3) and the measured values of o, 7,,, and C,, we find
that the pumping threshold for the onset of population inver-
sion (N,—N,>0) is roughly three orders of magnitude
higher for the nanoparticle system than our nanowire system.
Therefore, it is possible that lower threshold lasing could be
achieved for a SINW-based gain medium.

IV. CONCLUSION

Using PL and PL lifetime measurements, we have deter-
mined the Auger recombination (AR) coefficient, C,, and its
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temperature dependence between 4 and 400 K for
TiSi,-catalyzed Si nanowires. The results, interpreted within
the framework of a quasi-two-level model, yield Auger re-
combination lifetimes on the order of 75 ns—two orders of
magnitude larger than those for Si nanocrystals at similar
carrier densities. The temperature dependence of C, indicates
that the AR process is assisted by phonons, with an energy
threshold of 100 meV. The lower values of C, in SiNWs are
important from a fundamental viewpoint and have significant
implications for the design of a continuous-wave Si-based
laser.
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