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Ultrafast carrier dynamics, band-gap renormalization, and optical properties of ZnSe nanowires
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In this paper, we present a comprehensive study of the carrier dynamics and optical properties of ZnSe
nanowires (NWs). The transparency of the sample, obtained by the growth of the ZnSe NWs on glass, allowed
us to perform transmittance, reflectance, photoluminescence (PL), time-resolved PL, and pump-probe transient
absorption spectroscopy on as-grown samples. All measurements were performed at room temperature. Strong
light trapping at the band-gap energy has been observed in reflectivity measurements. Fast transient absorption
bleaching due to band filling and band-gap renormalization has been observed. The band-gap renormalization
has a rise time constant of about 170 fs and a decay time of about 4 ps. Fast transient absorption bleaching is also
observed at energies below the band gap, suggesting that intrinsic processes prevail over extrinsic photoinduced
transitions in our high-quality NWs. The PL reveals the presence at room temperature of excitonic emission
that shows a decay time of 0.5 ns. All of these features indicate that our ZnSe NWs have quality comparable to
epitaxial films and can be used for optical devices and nonlinear optics.

DOL: 10.1103/PhysRevB.94.165442

I. INTRODUCTION

Semiconductor nanowires (NWs) have attracted extensive
interest in the last two decades because of their unique
properties and numerous potential applications. One possi-
ble application of NWs is the fabrication of lasers [1,2]. ZnSe
is a II-VI wide band-gap semiconductor suitable for light
emission in the blue-green region of the visible spectrum.
However, bulk or epitaxial ZnSe is considered to be inferior
to its III-V competitor, GaN, as a reliable material for laser
fabrication [3]. The reason lies in the point defects that are
generated in the material under thermal stress, especially when
it is grown on mismatched III-V substrates. On the other
hand, ZnSe could become an interesting material within NW
technology precisely because of the lack of lattice mismatch
constrains offered by the NW geometry [4] and the possibility
to grow it at low growth temperature (7,), a condition that
is known to be optimal for achieving good near band-edge
(NBE) optical emission [5]. These features are technologically
relevant because one interesting consequence is that NWs
can be grown on any substrate that withstands the growth
conditions. Therefore, ZnSe NWs can be grown on low-cost
substrates, including glass (coated with transparent contact
oxides for device fabrication) and plastics, materials that
cannot withstand the high 7, needed to grow GaN NWs [6].

Despite the technological advantages of a low T, and
although the optimal growth temperature for ZnSe films
with high optical quality is around 300°C [5], ZnSe NWs
are often grown at 520°C and above [7-11]. The reason
is the intent to favor the vapor—liquid—solid (VLS) growth
mechanism [12], which involves liquid alloy nanoparticles
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(NPs) during the growth. In the past, some of the present
authors have demonstrated that solid Au particles can still
promote the one-dimensional (1D) ZnSe growth and have
developed the growth of ZnSe NWs by molecular beam epitaxy
(MBE) at T, as low as 300°C [13-15]. The growths were
performed on several substrates such as GaAs(111)B, Si(111),
Si0,, and indium-tin-oxide (ITO)-coated glass. We have
shown that T, strongly affects the optical properties and that
only NWs grown at low T, show a strong NBE luminescence,
regardless of the nature of the substrate. In particular, very
intense low-temperature (14 K) blue photoluminescence (PL)
from ZnSe NWs grown at 300 °C on ITO-coated glass [14]
was reported.

In order to use ZnSe NWs in optoelectronic devices, it
is necessary to have a deep understanding of the carrier
dynamics and optical properties in those nanostructures. Laser
operation, indeed, strongly depends on emission efficiency,
recombination lifetime, attainable carrier density, and carrier-
phonon scattering.

In this paper, we present a thorough study of stationary
and transient optical properties of ZnSe NWs grown at
300°C by MBE. In particular, with the purpose of studying
light emission and absorption on the same as-grown sample,
we have investigated the ZnSe NWs grown on ITO-coated
glass, which is transparent in the energy range of interest.
We hence performed transmittance, reflectance, PL, time-
resolved PL, and fast transient absorption spectroscopy on
the same NW ensemble. All measurements were performed
at room temperature. Dynamics of band-gap renormalization,
excitonic contribution to the luminescence, and influence of
defects are observed and discussed, offering a quite complete
picture of the optical properties of ZnSe NWs.

II. EXPERIMENTAL DETAILS

The ZnSe NWs have been grown by MBE on ITO-coated
glass at 300 °C. The samples consist of a very high density
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of randomly oriented ZnSe NWs. They are tapered, with a
mean diameter at the tip of 10 nm and base diameter 10
times larger, with an average length of about 1 um. No
shell protects the ZnSe NWs. Full details on the growth
conditions, morphological and structural characterization as
well as low-temperature luminescence can be found in Zannier
et al. [14]. The PL and time-resolved PL have been performed
using the second harmonic of a Ti:sapphire laser at 405 nm
with a pulse length of 20 fs at 80 MHz repetition rate. The PL.
signal was analyzed using a 0.35 m long monochromator and
a charge-coupled device (CCD) or a Si-APD [full width at half
maximum (FWHM) = 150ps] for quasistationary or time-
resolved analysis, respectively. The fast transient absorption
spectra were measured by pump-probe experiments. As a
pump, we used the amplified second harmonic of a Ti:sapphire
laser at 405 nm with a pulse length of about 50 fs at a 1 kHz
repetition rate, and as a probe we used the continuum white
light generated in a femtosecond transient absorption spec-
trometer of IB Photonics (FemtoFrame II). The pump-probe
response was studied in the 350-750 nm wavelength range.
We used pump fluences of 60 and 150 uJ/cm?. No qualitative
difference was found at the different excitation intensities
except for long time delays, as explained in the Results
section. Transmission and reflectivity measurements were
performed in a Perkin-Elmer spectrophotometer equipped with
an integration sphere.

III. RESULTS

Transmittance (7, black) and reflectance (R, red-dashed)
curves are shown in Fig. 1(a). T (R) represents the ratio of
the light intensity transmitted through (reflected from) the
sample on the incident intensity. Both curves show a sharp
decrease around 2.6 eV. From those curves, we can calculate
the absorbance (A) using the equation [16],

(1-R)?

A =log (H

According to Tauc and Menth’s expression for thin
films [17], we have a(hv) - hv = Byo(hv — Eg)", where hv
and Eg are the incident photon energy and the optical band
gap, respectively, and «(hv) is the absorption coefficient and is
related to absorbance by a(hv) = 2.303 x A(hv)/d, where d
is the film thickness. Therefore, Tauc and Menth’s expression
can be rewritten as (A(hv) - hv)'/™ = Bi(hv — Eg), where
B = (By-d/2.303)!1/" is a constant related to the film
thickness and m is % for a direct band gap. In this way,
the optical band gap can be extracted without knowing the
film thickness, which is a very complex parameter for NW
mats. The quantity (A(hv) - hv)? is shown in Fig. 1(b). We
deduce the optical band gap to be 2.63 eV, as extracted from
the intercept between the linear extrapolation of (A(hv) - hv)?
and the energy axis. Along with the sharp increase of the
absorbance at energies larger than the band gap, we observe a
long Urbach’s tail due to localized states.

Using fast transient absorption spectroscopy by means of
a pump-probe experiment, we measure the variation of the
sample absorbance after the excitation given by the pump
pulse. To give an overview of the results, the complete
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FIG. 1. (a) Transmittance (black curve) and reflectance (red
dashed curve) of an as-grown ZnSe NW sample. (b) Plot of
(A(hv) - hv)?, as extracted from the transmission and reflectivity
curve shown in (a). The red dotted line is the linear fit of the near
band-gap absorption curve. The intercept value to zero absorption
gives the band-gap value (see text). The substrate is transparent in the
investigated energy range (not shown).

set of data obtained for a pump fluence of 60 uJ/cm? is
shown in Fig. 2(a) by means of a color map of AA versus
probe energy and time delay between pump and probe pulse
(in the following, simply “time delay”). AA is defined as
the difference of the sample absorbance with and without
pump excitation. Correction for the white light pulse chirp
has been performed. As expected, the absorbance decreases
when the probed states are occupied with photocarriers after
pump excitation, and the corresponding absorbance is reduced.
Notice the logarithmic scale of the time delay in Fig. 2(a) (right
y axis). The spectral behavior of A A is shown for different time
delays in Figs. 2(b) and 2(c). Figure 2(b) depicts the spectra
recorded in the rise-time range, up to 600 fs, corresponding to
the maximum variation, while in Fig. 2(c) we show the spectra
for longer delay times, up to 880 ps. The spectra reported
in Figs. 2(b) and 2(c) show two main features: a narrow
dip at energies above 2.62 eV, close to the band-gap energy
estimated in Fig. 1(b), and a broad band at lower energies, with
a minimum in the range 2.4-2.5 eV.

The dependence of AA on time delay at different probe
energies, corresponding to the band-gap energy or lower, is
shown in Fig. 3(a) for time delays up to 20 ps. In Fig. 3(b), the
detail for time delays up to 2 ps is shown for E = 2.627 eV,
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FIG. 2. (a) Two-dimensional color map of the absorbance differ-
ence AA as a function of probe energy (x axis) and of the delay
time between pump and probe (y axis). Notice the logarithmic scale
of the y axis. (b) Spectral dependence of AA for different delays,
up to 0.6 ps. In this region, the absolute value of AA increases for
increasing delays. (c) Same as (b) but for delay times from 0.6 to 880
ps. In this time region, the absolute value of A A decreases as the time
delay increases. All data shown in the figure were taken at a fluence
of 60 I /cm?.

corresponding to the narrow dip minimum, in order to highlight
the rising part of AA. As mentioned above, the maximum
variation of AA is reached in about 600 fs, with a rise-time
constant of 170 £ 60 fs. The relaxation of the signal exhibits an
exponential decay with a characteristic time constant of about
4 ps. For energies below the band gap, the qualitative behavior
is similar to that reported for the band-gap energy with some
quantitative differences. Figure 3(c) shows the values obtained
for the decay time as a function of the probe energy: a
maximum is observed at energies close to the band-gap value.
This behavior is independent of the excitation fluence in the
range used in this paper. In general, the broad band at low
energy exhibits faster dynamics than the band-gap region, both
in the rising and in the decaying edges, and a smooth decrease
of the decay time is observed as the probe energy decreases.
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Indeed, the broad band changes lineshape as a function of time,
with a clear blue-shift of its maximum, as visible in Fig. 2.

A further feature is the variation of the energy position of
the narrow dip in the band-gap energy region (E > 2.6eV)
as a function of time (see Fig. 4). During the fast rise time,
we observe a red shift of its energy followed by a slower blue
shift as the A A signal decays. The observed red-shift energy
is about 34 meV and is completely recovered after 20 ps.

Looking at long delays between pump and probe (¢ > 6 ps,
depending on the probe wavelength), we observe that AA
becomes positive by an amount that increases for increasing
fluence [see Fig. 5(a)]. This is the only clear difference found
in the measurements for different fluences. This positive
value remains positive for the rest of the delay range under
examination. As visible in Fig. 5(b), the onset on the time
scale of the positive signals slightly depends on the probe
energy (notice the logarithmic scale of the time axis).

Figure 6 shows the PL spectra at two different excitation
intensities, varying by about one order of magnitude. At low
intensities (~0.2 uJ/cm?), the broad band related to defects,
and the narrow NBE emission have approximately the same
peak intensity. As specified later in the paper, the NBE
emission is given by the contribution of excitonic and band-gap
recombination. At the higher excitations (~2 uJ/cm?), the
defect-related band is saturated, and the NBE dominates.
Figure 6(b) shows the comparison between PL and absorbance.
No significant energy shift of the PL threshold is observed
with respect of absorption edge in the band-gap region (also
see Fig. 1).

A detail of the NBE emission is reported in Fig. 7(a)
for an intermediate excitation intensity (~0.8 uJ/cm?). The
lineshape shows a clear shoulder on the high-energy side of
the peak. Figure 7(b) shows the time-dependent PL intensity at
the peak energy (2.68 eV). The PL decay time is measured to
be 0.5 ns. Luminescence lineshape and decay time measured
on ZnSe NWs grown with the same growth parameters on
GaAs (not shown) are almost identical to those observed for
the ZnSe NWs grown on glassy substrates.

IV. DISCUSSION

Both transmittance and reflectance spectra show a sharp
decrease at E > 2.6eV (see Fig. 1.) It should be noted that the
reflectivity spectrum substantially differs from those measured
on bulk ZnSe [18,19]. The sharp decrease of the reflectivity
close to the band-gap energy is a typical behavior observed in
NW mats [20-22] and is due to the enhanced light absorption
in the NW films, reducing the reflectivity of the overall
sample. Varying wire size, morphology, and arrangement on
the substrate, the optical behavior of the NW films can be
gradually tuned from that of an optical coating, i.e., a thin
film, characterized by a graded effective refractive index to
that of an ensemble of diffuse optical reflectors [21,22]. For
NW ensembles with NW size and arrangement similar to our
samples, a thin film picture applies [21,22], and this justifies
the use of Tauc and Menth’s model to analyze transmittance
and reflectance. The value of 2.63 eV for the band gap,
obtained combining transmission and reflectivity data in the
way described above, is smaller by about 30 meV than the
values found for bulk ZnSe [18,23]. It is in good agreement,
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FIG. 3. (a) Time dependence of A A at different probe energies. (b) Detail relative to the time dependence of AA for E = 2.627 eV (energy
of the narrow dip, see Fig. 2). The time scale is limited to 2 ps. (c) Spectral dependence of the decay time of AA.

considering that our value is given by an extrapolation in the
absence of sharp features, which are, in contrast, visible in the
bulk material. The absence of any indication of energy blue
shifts with respect to the bulk values suggests that we do not
observe any quantum confinement in our NWs.

Better agreement is obtained using as a band-gap value the
energy position of the narrow A A dip observed in the transient
absorption measurements. Its absolute intensity increases in
the first 600 fs [see Fig. 3(b)]. The early rise of signal is due to
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FIG. 4. Energy position of the narrow dip observed in the AA
measurements (see Fig. 2) as a function of the pump-probe delay.

the carrier thermalization from pumped states to lower states
through carrier-carrier scattering and initial longitudinal opti-
cal (LO) phonon-assisted energy relaxation [24], and it reaches
maximum bleaching when the system is in a quasiequilibrium
distribution of hot carriers. All probed energy states show a
similar rise time. As energy state filling occurs at the probe
energy, the number of free electronic states diminishes, and
the corresponding absorption is reduced, a feature known as
photoinduced absorption bleaching. During the rise time of the
absorption bleaching, a red shift of the minimum position of
the narrow dip is observed. This red shift reaches a maximum
of 34 meV at about 600 fs of pump-probe delay. The red shift
hence accompanies the absorption bleaching that is the carrier
density increase at the band-gap energy. Consequently, we can
attribute the red shift to band-gap renormalization as the result
of many-body effects [25]. The highest electron-hole density is
hence reached at 600 fs and is in very good agreement with time
delays measured in other materials [26]. This is an important
aspect, indicating that many-body effects and carrier-phonon
scattering are not significantly affected by the NW shape and
size.

According to a model described by Hartmann et al. [25],
the band-gap shift is related to the free carrier density, n, and
carrier temperature, T,, by the following equation,

4.64(na3)'"” Rexe
2,1/4°

)]

AE,(n,T,) = —

(2)

[”la% + ( Rexe
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FIG. 5. (a) Time dependence of AA at the probe wavelength of
550 nm for two values of the pump fluence. At high fluence, a sizeable
positive signal is observed at ¢t > 5 ps. (b) Time dependence of AA
for different probe energies for 150 uJ/cm? of pump power. Notice
the logarithmic scale of the time axis.

where ap is the excitonic Bohr radius and Ry is the exciton
Rydberg energy. With ag = 3.8 nm and Rex. = 20meV [23],
we estimate that a red shift of 34 meV is induced in ZnSe by
a carrier density of about 6 x 10'7 cm™3, slightly above the
Mott density for ZnSe, which is 4.7 x 10'7 cm™ as calculated
by ny = (kBT/16nRexca§) [27]. The value found for the
highest carrier density is weakly dependent on 7, and can
be considered constant if 7, does not exceed the lattice
temperature (300 K) by more than 100 K.

After 600 fs, the absorption bleaching decays with a typical
decay time of a few ps [see Fig. 3(c)], accompanied by a blue
shift of the narrow dip (Fig. 4), an indication of a decrease of
the carrier density at the band edge, with energy position that
saturates for ¢+ > 10 ps. The saturated value of about 2.66 eV,
also measured for t ~ 0, can be considered as a measure
of the one-electron ZnSe band gap, in excellent agreement
with the literature [23]. Therefore, we can state that not only
state filling but also band-gap renormalization participates in
the determination of the temporal behavior of the transient
absorption, as also reported for bulk materials [28,29].

The presence of the broad signal, both in the transient
absorption and in the PL spectra, at energies below the
band gap is related to the presence of point defects in
ZnSe, as also reported in ZnSe NWs grown with different
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FIG. 6. (a) The PL spectra at two different excitation intensities.
(b) Comparison between absorption and luminescence spectra.

methods at higher temperature [11,30]. Figures 3 and 5 show
the transient absorption curves and relative decay times for
selected wavelengths. We observe absorption bleaching for all
wavelengths for delay times up to about 10 ps. This is different
to what was observed by Othonos et al. [30], who report
an absorption increase at short probing wavelengths in ZnSe
NWs grown by vapor phase growth at 650 °C, suggesting that
competitive mechanisms are present at those probe energies,
namely state filling by carrier thermalization (resulting in
absorption bleaching) and trapping of the carriers (resulting in
photoinduced absorption). In our NWs, the single-exponential
nature of the absorption bleaching decay indicates that state
filling prevails for the first 5-10 ps, with larger decay times at
energies closer to the band-gap energy [see Fig. 5(b)]. On the
other hand, for long time delays, we ascribe the positive signal
shown in Fig. 5 to photoinduced absorption by trapped carriers,
as proposed for ZnSe NWs [30,31] and other materials [29,32].
Near the end of the hot carrier relaxation process (roughly 1-15
ps), an excess population of trapped carriers can be found at the
defect states. As a result, there is higher probability for those
carriers to be re-excited by absorbed photons. The presence
of this process only at delay times larger than 5-10 ps is
an indication that in our NWs defect states have negligible
effects on carrier thermalization at short times because the
defect density is lower than the carrier density involved in the
absorption bleaching dynamics. The behavior observed here is
in contrast to what is observed in ZnSe NWs grown at higher
temperatures [30,31] and is an indication that low-temperature
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FIG. 7. (a) The NBE emission. (b) Time dependence of the PL at
the peak energy (2.68 eV).

growth is a good strategy to obtain high-quality ZnSe NWs.
The rising time of the defect-related band is very fast, with
typical time constant ranging from 50 to 150 fs, shorter than
for the band-gap signal (~170 fs). This rise time is shorter
than the decay time of the NBE signal (several ps). This
feature suggests that the fast rising time of the broad band
might originate from hot electron trapping where photoexcited
carriers jump directly to trapped states without cooling down
to the band-edge first [33].

As already mentioned, the decay time for absorption
bleaching has a maximum around the band-gap energy (a value
varying in time because of band-gap renormalization, see the
above discussion of Fig. 4). For energies above the band gap,
the shorter decay time can be understood as being due to
the electrons’ (holes’) cooling, which is needed to reach the
energetically more favorable, and hence more stable, bottom
(top) of the conduction (valence) band. A slight increase of
the decay time is observed at higher pump fluence (not shown)
that can be explained as being given by an increased screening
of the carrier-phonon interaction [34,35]. The shorter decay
time observed at higher energy points towards the absence of
hot-phonon effects in our measurements, in contrast to what
is observed in ZnSe epilayers for similar carrier density [24].
This despite the large excess of energy of the hot carriers
injected by the pump (0.47 eV, about 15 times the LO phonon
energy [23]).
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The decreasing decay time for decreasing probe energy
below the band gap can be explained by increasing carrier-
phonon interaction as the defect binding energy increases [36].

At this point we wish to comment that, diversely from other
NW systems [37-39], we do not observe any contribution of
the Au NP seeds to the transient absorption signal in our ZnSe
NWs.

We now come to discuss the emitting characteristics of our
ZnSe NWs. The PL spectra of Fig. 6 show two defect-related
bands (D1 and D2), usually observed in both bulk [40,41] and
NWs [11,42] ZnSe. A further typical feature for ZnSe [40,42]
is that the D2 band, at lower energies, is more intense than
D1 at room temperature, in contrast to what was observed
at low temperature [14]. At low excitation fluence, the peak
intensity of the defect-related band is about the same of the
NBE emission, while by increasing the excitation intensity
by one order of magnitude, the NBE is largely dominant.
A closer look at the NBE emission shows that is composed
of two contributions, a main one at 2.68 ¢V and a shoulder
shifted by 20-25 meV towards higher energies [see Fig. 7(a)].
This lineshape and the energy shift [23] indicate that excitonic
recombination is still observed at room temperature, as
also observed in high-quality ZnSe thin films, suggesting
that exciton-related nonlinear effects, observed in ZnSe thin
films [43], could be also observed and exploited in ZnSe NWs.
The correspondence of absorbance and PL edge energies,
shown in Fig. 6(b), suggests that no extrinsic contribution is
observed in the NBE region. Finally, the luminescence decay
time of the NBE band is measured to be about 0.5 ns. This
value is independent of the excitation intensity, as also reported
in other II-VI NWs [44]. The measured decay time reflects
the high quality of our NWs, especially considering that as
the NW sidewalls are not protected by any shell, the decay
time is probably influenced by surface-related nonradiative
recombination channels. Nevertheless, the measured decay
time is not very different from the value measured in nominally
undoped ZnSe films (1.7 ns) and is longer than that measured
in doped ZnSe films (<0.24 ns, depending on doping type),
all grown by MBE [45]. It is also longer than in ZnTe/ZnCdTe
core-shell structures [44], where a shell protects the active
ZnTe core. We also point out that despite the ensemble
character of our sample, the decay time is extracted by using
a single decay time, a feature that gives support about the
homogeneity of the NWs physical properties in our samples.

V. CONCLUSIONS

We have given a detailed and comprehensive picture of
the ultrafast carrier dynamics and optical properties of ZnSe
NWs grown by MBE at 300°C. The use of a specially
designed sample allowed us to perform all measurements on
single samples. As expected for NW arrays, light trapping
at the band-gap energy has been observed in reflectivity
measurements. Fast transient absorption spectroscopy has
revealed the presence of absorption bleaching and of a sizeable
red shift of the NBE signal that has been explained as being due
to band-gap renormalization induced by many-body effects.
The band-gap renormalization has a rise-time constant of
about 170 fs. The red shift starts to recover after 600 fs
and decreases with a time constant of a few picoseconds.
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Similar decay times are measured for the absorption bleaching,
with small differences depending on the probe energy. The
fast transient absorption measurements have also shown
absorption bleaching at energies related to the presence of
point defects in our NWs. Only after such a delay time do we
observe a positive absorption variation due to defect-related
photoinduced transitions. This positive absorption is sizeable
only at high fluences. Finally, PL shows the presence of
excitonic recombination at room temperature and the quick
saturation of the defect-related emission. The characteristic
decay time of the luminescence is 0.5 ns. Our data give one of
the most complete pictures of transient and quasistationary
optical properties of a semiconductor NW system. All of
these features indicate that our ZnSe NWs behave similarly
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to high-quality epitaxial films, although they have been grown
on amorphous substrates, opening the possible employment
of ZnSe NWs for integration in low-cost microelectronics.
Finally, our data confirm that similarly to what is necessary
for epitaxial films, a low growth temperature results in good
optical properties of ZnSe NWs.
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