NANO.... 5

pubs.acs.org/NanoLett

Multiphonon Process in Mn-Doped ZnO Nanowires
Jia-Min Lai, Muhammad Umair Farooq, Yu-Jia Sun, Ping-Heng Tan, and Jun Zhang™*

Cite This: Nano Lett. 2022, 22, 5385-5391

I: I Read Online

ACCESS |

[l Metrics & More

Article Recommendations

ABSTRACT: The multiphonon process plays an essential role in
understanding electron—phonon coupling, which significantly influ-
ences the optical and transport properties of solids. Multiphonon
processes have been observed in many materials, but how to
distinguish them directly by their spectral characteristics remains
controversial. Here, we report high-order Raman scattering up to 10
orders and hot luminescence involving 11 orders of phonons in Mn-
doped ZnO nanowires by selecting the excitation energy. Our results
show that the intensity distribution of high-order Raman scattering
obeys an exponential decrease as the order number increases, while
hot luminescence is fitted with a Poisson distribution with a
resonance factor. Their linewidth and frequency can be well explained
by two different transition models. Our work provides a paradigm for
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understanding the multiphonon-involved decay process of an excited state and may inspire studies of the statistical characteristics of

excited state decay.
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As scientific interest in many-body interactions in nano-
materials has grown, the electron—phonon interaction has
attracted much attention as relates to understanding the decay
process of nonequilibrium electrons in matter and developing
related optoelectronic and transport devices.'~’ The multi-
phonon process as a typical phenomenon induced by strong
electron—phonon coupling has been observed in absorption
spectra,”” photoluminescence (PL) spectra,'~"* and scatter-
ing spectra.">~"” For example, the broad-band absorption and
emission in the F center are quantitatively explained with the
multiphonon transition theory proposed by Huang and Rhys in
1950." They also predicated Poisson-distributed discrete
phonon sidebands of the defect center, which was demon-
strated in CdS by Hopfield in 1959."” In contrast to the usual
PL spectrum, radiative recombination of hot electrons in
excited states can lead to the hot luminescence process by
successively emitting phonons, which reflects the multiphonon
transition of electron excited states.” Because of the robust
Frohlich interaction”® between the exciton and the longitudinal
optical (LO) phonon, hot luminescence has been widely
observed by resonance excitation in group II-VI semi-
conductors, such as CdS,"" CdSe,'° and ZnTe.'**! In addition,
the multiphonon process can also be dominated by the
scattering process, ie. high-order Raman scattering, in which
resonance excitation, although not necessary, can significantly
enhance the scattering cross section and allow higher-order
phonon details to emerge. Both high-order Raman scattering
and hot luminescence can even be observed simultaneously,
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resulting in misunderstandings in distinguishing them.”?

Menéndez and Cardona stated that in the scattering process
the intermediate states are populated during a very short time;
thus, the scattering rate is close to the phonon lifetime (~ps),
which is far less than the radiation recombination rate.”> Due
to the participation of real electron states in hot luminescence,
nonradiative quenching is accessible, while Raman scattering
cannot be quenched.””** Martin suggested that the linewidth
of the high-order Raman scattering peak is proportional to the
order number, which is consistent with the experiments in
Cs1,”° while in hot luminescence, the linewidth decreases with
increasing order number, which is apparently inconsistent with
the previous experiments.m_lz’21 However, there remain rare
experiments to distinguish them directly by the spectral
characteristics, such as peak frequency and linewidth assess-
ment.

Zinc oxide (ZnO) has served as one of the most promising
materials for optoelectronic applications in ultraviolet (UV)
regions such as light-emitting diodes, UV lasers, and UV
detectors, due to its wide band gap (E,~3.37 eV) and high
luminescence efficiency at room temperature. 7=3! Transition-
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Figure 1. Synthesis and morphology characterization of Mn-doped ZnO. (a) Schematic representation of single-zone CVD. (b) Typical SEM
image of Mn-doped ZnO NWs. (c) Mn-doped ZnO NWs and elemental mapping which depicts the distribution of constituents of O, Zn, and Mn.
(d) XRD pattern of Zn;_Mn,O (x = 0.00, 0.33, and 0.50) NWs. (e) TEM image of an individual NW. The corresponding HRTEM in the yellow

region is shown in part f.

metal-doped (e.g. Co, Mn, etc.) ZnO shows high-temperature
ferroma§netism for the potential applications of spintronic
devices.””*® The large exciton binding energy (~60 meV) at
room temperature’* makes ZnO an ideal platform to explore
the exciton—phonon interaction. The strong exciton—phonon
interaction is sometimes depicted by a quasi-particle model,
namely a polaron.®>* It has been predicted that the number of
multi-LO-phonon lines in ZnO would be higher than that of
CdS with 9LO phonon peaks,'' since ZnO has a larger
exciton—phonon coupling strength.”” In previous experiments,
11LO phonon peaks have been observed with excitation
energy larger than the band gap in Cu, Ni-doped ZnO,***’
while in Mn-doped ZnO, only SLO phonon peaks were
measured.*”*" In a ZnO nanostructure with minor Mn doping,
Liu et al. observed phonon-assisted stimulated emission
indicating the strong electron—phonon coupling in Mn-
doped ZnO and the potential applications for UV lasers.’!
Besides, high-order Raman scattering remains rarely reported
in ZnO. Here, we observed both high-order Raman scattering
and hot luminescence in Mn-doped ZnO by selecting the
excitation energy. We clarify the spectral characteristics in
these processes and explain them by specific transition models,
which are also applicable to multiphonon processes in other
materials.

Mn-doped ZnO nanowires (NWs) were grown by a typical
chemical vapor deposition (CVD) method, as shown in Figure
la. Well-mixed ZnO (99.99%, Aladdin) and Mn(II) (99.9%,
Alfa Aesar) powders with the molar ratio of Zn;_,Mn,O (x =
0.00, 0.33, and 0.50) were taken into a ceramic boat and then
placed into a quartz tube mounted on a horizontal tube
furnace. Several pieces of Si(100) substrates were ultrasonically
cleaned by acetone, ethanol, and deionized water for 15 min
each. The ultrasonically clean substrates were coated with a Au
film of 10 nm thickness by a thermal beam evaporation system.
To get highly smooth and homogeneous nanowires, the
substrates were placed into the quartz tube 10 cm away from
the heating zone center. First, a 100 sccm flow of Ar gas was
introduced into the tube furnace for 30 min to eject out the air
and other contaminants. Then, the temperature of the CVD
was adjusted from room temperature to 1050 °C for 90 min.
When the temperature of the CVD rose to 720 °C, O, and H,
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gases were introduced at flow rates of 10 and 10 sccm,
respectively. Simultaneously, the flow rate of Ar was increased
to 300 sccm. After that, the CVD instrument was naturally
cooled down to room temperature with an Ar gas flow. A
yellow nanowire can be obtained on the Si substrate with high
density.

The crystal structures of as-synthesized Mn-doped nano-
wires were investigated by X-ray powder diffraction (XRD,
Philips X'Pert Pro MPD with a Cu Ke radiation source (4 =
0.15418 nm). The surface morphology of the nanowires was
examined by scanning electron microscopy (SEM, Zeiss Supra
55) and transmission electron microscopy (TEM, FEI Tecnai
T20, and F30). The elemental composition of the nanowires
was analyzed by energy-dispersive X-ray spectroscopy (EDS)
equipped with SEM. For Raman and photoluminescence (PL)
experiments, the as-grown sample was ultrasonicated to
remove the NWs from the Si(100) substrates to an ethanol
solvent and dropped-cast onto another Si substrate. Raman
and PL spectra were conducted at room temperature using a
Jobin-Yvon HR800 system equipped with a liquid-nitrogen-
cooled charge-coupled detector (CCD). The PL and Raman
spectra were collected with a 100X objective lens (NA = 0.9)
and 600 lines/mm and 100 lines/mm gratings. A series of laser
lines 325 nm (He-Cd laser), 355 nm (DPSS laser), 405 nm
(semiconductor laser), and 442 nm (He-Cd laser) were used
as the excitation sources.

The representative SEM image (Figure 1b) result shows that
the well-grown ZnO NWs have a uniform diameter along their
entire length and the diameters are about 1 pgm. The EDS
result of Mn-doped NWs as shown in Figure 1c indicates that
Mn?®" ions have been successfully incorporated into the ZnO
lattice without forming any clusters or defect centers. Mn*" is
detected in each sample with a small concentration (0.5%, wt
9%); hence, we cannot determine the Mn?* concentration in
ZnO when the amount of Mn was changed during synthesis.
All the diffraction peaks (Figure 1d) in the XRD patterns are
well-matched with the wurtzite hexagonal structure of ZnO
(JCPDS Card No. 076-0703). Compared with the pure ZnO,
the variation of the relative intensities and the broad linewidths
of the diffraction peaks of Mn-doped ZnO indicate that the
addition of Mn dopants will affect the crystal orientation and
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Figure 2. High-order phonon Raman scattering of Mn-doped ZnO NWs. (a) Raman spectrum of Mn-doped ZnO excited by a 442 nm laser. The
stars mark unknown phonon modes. The corresponding higher wavenumber Raman spectrum with subtraction of the green band PL background is
shown in part b. Lorentzian profiles are fitted to the LO phonon from N = 1 to 10 order. (c) Order number N dependence of the Raman shift Q
and the linewidth I of the LO phonons. The solid lines denote linear fitting results. (d) Intensities of the NLO Raman modes as a function of N.
The red line is the exponential fitting result. (e) Schematic diagram of the high-order Raman scattering. The black, blue, green, and red arrows
represent the incident laser (@;), 1LO, 2LO, and 3LO scattering processes, respectively. The dashed arrows denote the elastic scattering by the

defects. The dotted arrows denote other possible scattering paths.

crystallization degree of ZnO. The TEM result (Figure le) of
the Mn-doped ZnO sample reveals smooth and uniform NWs,
which is consistent with the SEM patterns. Furthermore, the
high-resolution TEM (HRTEM) lattice image (Figure 1f)
confirms that the highly crystalline planes of NWs are well
separated by a spacing of d = 0.26 nm with the [0001]
direction.

Waurtzite ZnO belongs to the Cf, point group with six
irreducible zone-center optical phonon modes denoted by**
[y = Ay + 2B, + E; + 2E,. Among them, the A; and E, modes
are from an anisotropy-induced splitting of the F mode from
the zinc-blende I'-point, while 2B, and 2E, are from the
backfolding of the zinc-blende zone-edge modes. The B,
modes are silent modes, and the A; and E; modes are polar
modes, which are both Raman and infrared active, whereas the
E, modes are nonpolar Raman active only. Figure 2a shows a
typical Raman spectrum of an individual Mn-doped ZnO NW.
The peaks centered at 99, 330, 377, 435, 570, 655, and 1094
cm™' are attributed to the E,(low), E,(high) — E,(low),
A,(TO), E,(high), A,(LO), TA + LO, and 2A;(LO) modes,
respectively.”’ The phonon mode centered at 477 cm ™' may be
attributed to the surface/interface phonon mode* or to two-
phonon processes in the disordered lattice due to the
incorporation of Mn?* 7%

We observed high-order Raman scattering up to the 10LO
phonon with 442 nm excitation below the Mn-doped ZnO
band gap (~3.26 eV, 380 nm), as shown in Figure 2b. By
fitting the spectrum, we found that both the Raman shift and
the linewidth show a linear dependence on the order number
N with a nonzero intercept (Figure 2c). Considering
momentum conservation, this high-order Raman scattering
can be well explained by the model in Figure 2e: In the first
order scattering, the excited electron is scattered by one
phonon at the center of the Brillouin zone (q;, ~ 0) to a virtual
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state followed by photon emitting, while, for the second order
scattering, the excited electron is scattered with release of a
phonon with a wave vector of q, = g # 0, and then the other
phonon (g, = —q) scatters the electron back followed by
photon emitting. During the third order scattering, the
participating phonons own wave vectors of g, = ¢q, g, = —q,
and ¢; = q, and the electron is inelastically scattered back by
the defects, where the electron momentum changes by —g, and
so on, in the N™ order Raman scattering, (N — 1) phonons
with a nonzero wave vector are involved in the scattering
process. Here, the electron state probably originates from the
well-known green band induced by the defects related to
oxygen atoms.”” Note that other paths also may involve the
scattering process. For example, in the second order scattering,
the excited electron was scattered by the phonons with q, = q
and g, = —2q (as shown by the green dotted arrows in Figure
2e) and then elastically scattered back by the defects. The third
order scattering process shown by the red dotted arrows may
also occur. These processes will increase the frequency
uncertainty of the scattering peak, leading to linewidth
broadening. Considering that each phonon with a nonzero
wave vector increases the linewidth by AT, the order number
dependence of the Raman linewidth can be fitted by I' = T"} +
(N —1)AI, where Al =68 +3cm ' and ', = 53 + 8 cm ™' is
the linewidth of the 1LO phonon peak (Figure 2c). A similar
result also was observed in CsI.>® Besides, except for the first
phonon, all the phonons come from the noncenter of the
Brillouin zone. Considering the LO phonon dispersion which
is near-flat at the center of the Brillouin zone but slightly
decreased as the wave vector increases, we deduce that the
frequency of the first phonon (£,) is slightly higher than those
of the others (AQ). Consequently, the Raman shift can be
fitted with Q = Q, + (N — 1)AQ, where Q, = 568 + 6 cm ™' is
larger than AQ = 526 + 2 cm™". The scattering probability P

https://doi.org/10.1021/acs.nanolett.2c01428
Nano Lett. 2022, 22, 5385-5391


https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01428?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01428?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01428?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01428?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c01428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(0)

Raman Shift (cm™)
0 1000 2000 3000 4000 5000 6000

(a
Si
- 325 nm
> —1 S e ——
s
> 355 nm
‘@
g
= 405 nm

Intensity (a.u.)

w

e}

320 360 400 440 480 520 560

340 360 380 400

320 420
Wavelength (nm) Wavelength (nm)
(c) S C)
325 nm |
™~
[\ o
= = =
s e s
2z [ 2
C e
L 2
£ £
o
3 =
S S e B ) B S i T
0 1000 2000 3000 4000 5000 6000 7000 O 1000 2000 3000 4000

Raman Shift (cm™)

Raman Shift (cm™)

Figure 3. Hot luminescence spectra of Mn-doped ZnO NWs. (a) Spectra excited by different wavelength lasers. (b) Hot luminescence spectra of
Zn,_Mn,O (x = 0.00, 0.33, and 0.50) excited by a 325 nm laser. (c) 325 nm and (d) 355 nm excitation and the corresponding fitting results. The
x-axis shows the relative frequency shift by offsetting the laser frequency to zero.
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Figure 4. Cascade model of hot luminescence in Mn-doped ZnO NWs. Phonon peak frequency €2 and the line width I" extracted from spectra
excited by (a) 325 nm and (b) 355 nm. The red and blue lines denote the linear fitting of the frequency and the parabolic fitting of the line width,
respectively. Parts ¢ and d are the fitted intensities from spectra excited by 325 and 355 nm, respectively. (e) Schematic diagram of the cascade
model. Notice that kj, k,, and k; are the wave vectors of the photons with NLO phonon emissions and ¢, g,, and g5 are the phonon wave vectors.

determines the intensities of the phonon peaks, which can be
fitted by I = aP" as shown in Figure 2d, where P = 0.34 + 0.01
means the probability of scattering one phonon and a is a
coeflicient of intensity. This exponential decay reflects the
scattering probability dependence between (N + 1)™ and N
order, indicating that the phonon scattering channels are
sequential and correlated.

To further investigate the electron—phonon interaction in
Mn-doped ZnO, we measured the spectra with different
excitation energies. As shown in Figure 3a, when excited below
the ZnO band gap, high-order Raman scattering as discussed
above is observed without an apparent PL background.
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However, when the excitation (35S and 325 nm) is larger
than the band gap, the multiphonon featured PL spectra can be
measured. In the Raman spectrum (Figure 2a), both Stokes
and anti-Stokes signals can be measured, while in Figure 3b,
only the Stokes signal of the LO phonon mode can be
observed because the electrons interact more strongly with LO
phonons than with other phonon modes. In polar crystals, the
LO phonons involve relative displacement of oppositely
charged atoms and induce an oscillating macroscopic polar-
ization which strongly interacts with the electrons via the
Frohlich interaction.”® Eleven orders of LO phonon modes are
observed in Mn-doped samples (Figure 3b), which is much
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higher than the five orders in previous reports.”*~*" The
deformation potential of ion doping influences the atom
displacement from the equilibrium position,‘“’46 which
enhances the lattice polarity and the electron—phonon
interaction. The low doping concentration of Mn®" induces
the red shift of the band edge caused by the sp-d exchange
interaction between the localized d electron of Mn** and group
VI anions,™*"** which increases the energy difference
between the excitation laser and the band edge and leads to
higher-order phonons involved in the resonance. Besides, Mn**
can strongly quench the band gap emission due to the radiative
absorption by color centers and trapping of electrons by
defects centers;® thus, such high-order phonon peaks can be
observed. The multiphonon peaks under 325 and 355 nm
excitation can be well fitted by Lorentzian profiles as shown in
Figure 3¢ and d. The PL background is fitted by two PsdVoigt
profiles (linear combination of Gaussian and Lorentzian line
shapes), which are from the band edge emission and the free
exciton near the band edge.

Then we discuss the fundamental difference between this
multiphonon featured PL and the high-order Raman scattering.
The frequency, linewidth, and intensity distribution of the
multiphonon peaks are shown in Figure 4a—d. It is noted that
the intensity distributions in these two spectra show an
obvious enhancement at the exciton resonant energy rather
than the exponential decay observed in high-order Raman
scattering (Figure 2d). This multiphonon PL process is
attributed to the hot luminescence process depicted by the
cascade model* in Figure 4e: First, the incident laser excites a
virtual state. Then, the electron is scattered to the real exciton
state with an LO phonon emission. Next, the real exciton
relaxes in the excited state with an emission LO phonon in
succession. After each phonon emission, the excited electron
has a probability of radiating back to the ground state.
Therefore, the wave vector of the first LO phonon is larger
than those of the other phonons. Considering the LO phonon
dispersion which is normally near-flat at the center of the
Brillouin zone but slightly decreased as the wave vector
increases, the frequency of the first LO phonon () is slightly
smaller than those of the higher-order phonons (AQ). Figure
4a shows the linear fitting (Q = Q; + (N— 1)AQ) of frequency
at 325 nm excitation that yields a slope of 578.0 + 0.7 cm™"
and Q; of 571 + 3 cm™', which supports the above hot
luminescence process. Unlike high-order Raman scattering,
here the order number dependence of the phonon linewidth is
parabolic, which is related to the parabolic dependence of the
exciton energy on the wave vector. With the order number
increasing, for the same energy change, the wave vector of the
phonon increases, resulting in a larger uncertainty of the
frequency. Compared with the scattering process, in the
luminescence process, the intermediate state is populated for a
longer time;' thus, the interaction of the surroundings may
destroy the coherence of the phonons. As the order number
increases, more phonons in different directions participate, and
the uncertainty of the frequency increases, which also leads to
linewidth broadened. We note that the frequency at the 355
nm excitation can be fitted well by Q = NAQ (where AQ =
579.7 + 0.3 cm™"), suggesting that the incident laser also can
vertically excite the exciton state with k # 0, where momentum
conservation is achieved by electron—hole recombination.

The emission intensity distribution of multiphonon peaks is
determined by the density of the excited states and the
electron—phonon coupling strength. In general, the electron—
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phonon coupling strength can be evaluated by the Huang—
Rhys factor S which was first proposed in defect centers, where
the lattice relaxation causes the equilibrium atom position of
the final state to shift from the initial state, leading to the
multiphonon side band emission.'® In defect centers, the
phonon side band emission channels are independent of each
other; thus, the intensity distribution obeys the Poisson

distribution'® Iy = Ioe;—S,N, where I is the intensity of the
original electronic band. Analogously, considering the outgoing
resonance with the exciton, we modify the intensity
distribution in hot luminescence with a resonance factor:
N

_S%m, where E, E., and E; are the
energies of the incident laser, exciton, and LO phonon,
respectively, and « is the damping factor of the exciton. We
note that in the spectrum with 325 nm excitation, when the
phonon order N is <6 where the PL background is weak
enough to ignore, the intensity of the phonon peaks satisfies
the Poisson distribution (blue curve in Figure 4c) well and the
S factor is 3.7 & 0.2, while when N > 6, the exciton resonance
must be taken into consideration (red curve in Figure 4c).
Similarly, in the spectrum with the 355 nm excitation, the
whole of the phonon peaks can be well fitted considering the
resonance factor and the S factor is 4.2 + 0.1 as shown in
Figure 4d. It should be noted that the S factor is largely
influenced by the sample structure, excitation energy,
excitation power, measurement temperature, and even different
calculated methods; hence, the investigation of the electron—
phonon coupling strength is required to be carried out under
the same conditions.>

In conclusion, we investigate the multiphonon process in
Mn-doped ZnO NWs with different excitation energies. When
they are excited below the band gap, high-order Raman
scattering can be observed, while when they are excited above
the band gap, hot luminescence is dominant. Both processes
depend on the strong electron—phonon interaction, but the
essential difference between them is that the high-order Raman
scattering reflects the properties of the vibration state scattered
by the exciton while the hot luminescence directly reveals the
radiative recombination of the exciton excited state by
releasing phonons. The different spectral characteristics can
be explained by two different transition models, which also can
be extended to other materials with strong electron—phonon
interactions. The different intensity distributions reveal the
dependence among the phonon scattering channels or the
independence among the phonon emission channels of excited
state decay and reflect profound macroscopic statistical
characteristics in quantum many-body systems involved with
phonons, excitons, and photons.

Iy = Ie
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