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We show in ZnTe that the 2LO to 1LO resonant Raman intensity ratio, a measure of electron-phonon
coupling (EPC), exhibits a much larger intrinsic value than that previously reported and minimal change
from bulk to 30 nm nanowires. However, the ratio can be tuned extrinsically over one order in magnitude
controllably either during or after growth, and thus, allows for the programing of EPC or quantum infor-
mation in nanoscale devices. This work helps to understand a matter of controversy in the literature for
more than three decades, regarding the EPC size dependence in nanostructures, and provides unambiguous
experimental results for validating EPC theories with reduced dimensionality.
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At the nanoscale, material properties, including elec-
tron—phonon coupling (EPC), are expected to change from
their bulk values. However, the degree of change in EPC
has been a topic with sustained controversy for over three
decades. For instance, in the perhaps most studied sys-
tem, CdSe, after the initial reports of a 20-fold decrease
in nanocrystals (NCs) relative to that of the bulk [1,2],
conflicting results on the NC size dependence of EPC
were reported: very weak or size independence [3—5] and
increasing with decreasing size [6,7]. Inconsistency in
experimental results makes it challenging to validate differ-
ent theoretical models [1,3,8,9] and impractical to develop
applications.

Optical spectroscopy is often applied to probe EPC,
where the intensity ratios of phonon replicas are typically
used to extract the Huang-Rhys factor, S, that measures the
EPC strength and is related to the relative lattice relaxation
between the two states of an electronic transition [10].
Inconsistency between experimental approaches and con-
ditions may partially explain the EPC controversy [11,12].
For instance, the S factors are predominately extracted
from resonant Raman scattering (RRS) [1-3,5,6,13—15],
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but also from photoluminescence (PL) [16,17], PL excita-
tion [18], and pump-probe measurements [11]. Excitation
energy is another important variable, especially for RRS,
even in bulk materials [6,9,15,19-21]. However, these
considerations implicitly assume that the measured prop-
erties are intrinsic. Possible extrinsic effects associated
with defects or impurities are either not considered or
overlooked, although these extrinsic effects are shown to
significantly affect EPC, even in bulk materials [19,22—
24]. To answer the question to what extent EPC is affected
by reducing dimensionality, we ought to know, first, the
intrinsic bulk value; second, what is being measured in
one specific experimental approach; and then what is the
mechanism for the observed change.

Here, we show two different, but likely more significant,
extrinsic sources that could contribute to the sustained
controversy: defects and impurities in as-grown materials
and defects induced unintentionally during measurements
by the use of a high laser density. Our findings sug-
gest that the literature controversy for nanostructures are
mostly extrinsic and demonstrate the feasibility of con-
trolling and tuning EPC in both bulk and nanostructures
during and after growth. Furthermore, we point out that
the theoretical models commonly adopted to extract the
S factor from RRS are inapplicable to the problem. This

© 2020 American Physical Society


https://orcid.org/0000-0003-4781-1583
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.13.011001&domain=pdf&date_stamp=2020-01-21
http://dx.doi.org/10.1103/PhysRevApplied.13.011001

YINGYAN Yl et al.

PHYS. REV. APPLIED 13, 011001 (2020)

work is of fundamental importance for developing compre-
hensive theories for understanding EPC across structural
dimensions and material systems.

We focus on resolving the puzzling situation pertinent
to the most widely used technique—RRS. In the literature,
the so-called A” term of Albrecht’s RRS theory is often
used to describe the Raman cross section of emitting # lon-
gitudinal optical (LO) phonons in the nanostructures [25]:

(g, nle, m){e, m|g,0)
or = M2 |* ,
r = Mgl ZEe,g + mhwro — hao + il

m

(M

where Mgg is the dipole transition moment between the
electronic ground state, |g), and dominant intermediate
state, |e); |g,n) and |e,m) are, respectively, the vibra-
tional states associated with |e) and |g); hw, and E,, are,
respectively. the energy of the excitation photon and the
intermediate state (e.g., the band gap, E,); and I is the
damping constant. Without lattice relaxation ({(g, n|e, m) =
8n..m), Eq. (1) describes Rayleigh scattering [25]. With lat-
tice relaxation ((g, nle, m) # 6,,,), Or can, in principle, be
related to S via the nonorthonormal product, (g, n|e, m).
This formalism is widely used in size-dependence studies
by relating the S factor to the intensity ratio of 2LO to
1LO Raman bands, R21 =12LO/]1LO [1,3,6,13,26—28]. Its
applicability relies on theories that predict nonzero lattice
relaxation via Frohlich interactions, even for a bulk exciton
[8,29,30].

For the most studied CdSe system, regardless of the
trend of the size dependence, typically Ry} <1 or <<1
is found for CdSe NCs [12] and nanorods (NRs) [31,32],
which would imply a small S factor, following Eq. (1).
Similarly, Ry; < 1 is reported for CdS NCs [33]. However,
an early study on bulk CdSe showed practically no 1LO
band, i.e., Ry; >> 10 [34], which then suggests a huge S
factor. Instead of assuming a large S and using Eq. (1),
there the observation is attributed to the nearly forbid-
den 1LO scattering, when a 1s exciton state is involved
as the intermediate state via Frohlich interactions [19,35].
This explanation is based on a very different theory, where
no simple correlation exists between S and R;;. Surpris-
ingly, this alternative theory is largely ignored in EPC
studies involving nanostructures, perhaps with one excep-
tion [9]. Interestingly, intentional surface roughing is found
to enhance 1LO in bulk CdSe [34]. These findings should
have indicated that it might not be appropriate to make the
simple correlation between R, and S.

ZnTe is ideal for exploring EPC due to its strong
nLO RRS bands [36]. For bulk ZnTe, overall nLO
RRS signals exhibit strong incoming resonance, when
hwo approaches E, (2.254 eV) [20], whereas an indi-
vidual mLO band is enhanced relative to nLO bands
of n#m, when hwy approaches Eg + mhwro (outgoing

resonance) [21,23,36-38]. In general, Ry;>>1 is found
under near-resonant excitation [20,21,23,37], unless hwy
is exactly £, + hwi o, to yield 1LO enhancement. Similar
to the case of CdSe [34], ZnTe 1LO also becomes invisible
at low temperature [23]. However, some reports with exci-
tation far away from E, + hwro do yield Ry; <1 [36,38].
Therefore, major uncertainty exists, even for bulk ZnTe. It
is unclear that the variation in R5; is due to that of the mate-
rial or measurement, although it is indicated theoretically
that impurities could reduce Ry; [19,35].

For ZnTe NCs under 514.5 nm excitation, R, is found to
be reduced from about 2.7 to 0.3, when the size decreases
from about 90 to 20 nm, and the changes are attributed
to quantum size effects [14]. However, a similar trend,
with comparable R,; amplitudes, is reported for ZnTe
nanowires (NWs) with much larger dimensions, where
quantum size effects would not apply [13]. Specifically,
under 532 nm near-resonant excitation, when the NW
diameter, d, is reduced from 200 to 90 nm, both R,; and
S are reported to decrease monotonically from 1.3 to 0.7
and 1.8 to 1.0, respectively. Compared with the calculated
bulk value of § =3.2 using a widely adopted model [29],
the reduction trend is explained to be due to reduced exci-
ton polarization at the nanoscale [13], which is a frequently
invoked reason used for other nanostructures.

Raman measurements are conducted at room temper-
ature using a Horiba HR800 confocal Raman micro-
scope, with a CCD detector and a 100x microscope lens
(NA =0.9). The spectral dispersion and spatial resolu-
tion are 0.44/pixel and about 0.36 um, using a 532 nm
laser. The spectrometer is calibrated to have a Si Raman
band at 520.7 cm™!, while a sufficiently low laser power
(~2-20 uW), about two orders lower than that reported
in Ref. [13], is used to avoid laser-induced structural
changes. The 4; and Eto modes of Te clusters at ~120
and ~140 cm~! [39] emerge at about 200 uW for both
bulk and NW samples, although the laser exposure times
can vary significantly.

Before discussing the size effect of EPC, we first estab-
lish the intrinsic value for bulk ZnTe and investigate the
effect of material imperfections. A set of bulk samples
are studied: a high-quality crystal (B1) in bright reddish
orange, and others (B2-B5) with varying defect concen-
trations in darker or gray colors. The defects in B2—B4
are likely to be O impurities [40], whereas B4 also con-
tains about 2.5% Cd. A set of epitaxial thin-film (TF)
samples, about 7-8 um thick, grown by MBE on (211)
Si substrates are also measured to investigate potential
effects of the growth conditions. Each of these TF sam-
ples also has a thinner (~150 nm), but highly defective,
ZnTe layer grown unintentionally on the backside of the
substrate. Over 40 ZnTe NWs, grown by CVD [41], are
studied, either dispersed on SiO,/Si substrates or TEM
grids using isopropanol as the solvent. Their sizes are in
the range of 30—800 nm, as measured by SEM. These NWs
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are not expected to exhibit any significant quantum con-
finement effect, which prevents complications caused by
inconsistent resonant conditions.

Figure 1 offers an overview of the typical RRS results
obtained under the low excitation level for the three sam-
ple categories. Figure 1(a) includes representative PL and
Raman spectra, while Fig. 1(b) shows their correspond-
ing Raman spectra after removing the broad PL back-
ground. The representative R, values are (evaluated using
the integrated intensity and averaging over different spa-
tial points) 10.5+£2.0 for B1, 2.0£0.2 for B4, 7.5£0.7
for TF1, and 6.9+ 1.0 for a NW of d~84 nm on a
TEM grid. The results for all bulk and TF samples are
summarized in Fig. 1(c). To exclude the possibility of
major crystalline orientation dependence, B1 is also mea-
sured from a (110) cleave edge, which yields 7.7 £ 0.6,
and thus, indicates that the orientation effect is minimal.
However, defective bulk samples B2—B5 yield signifi-
cantly reduced values, particular only 0.94 4 0.05 for BS.
The large fluctuation observed on B1 is due to two rea-
sons: uncertainty in subtracting a strong PL background
and the sensitivity of the Raman signal on the surface
condition, because 1LO is largely forbidden [19,35]. It is
interesting to note that, despite the TF samples contain-
ing a relatively high density of dislocation defects (with
etch pit densities of 7.4 x 10°—2.8 x 10%/cm?), their Ry,
ratios are not affected significantly. Nevertheless, we do
find that the thin ZnTe layer on the backside of the sub-
strate exhibits much reduced R;| ratios (also very weak
PL), as shown in Figs. 1(b) and 1(c) as “TF-B” for one
of them, with its R,; ratio reduced to 0.59 £0.01. There
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FIG. 1. Representative (a) photoluminescence and (b) resonant

Raman spectra at low laser power. (¢) R,; values for bulk ZnTe
samples (wine) and ZnTe thin films (blue) and (d) for ZnTe
nanowires supported by both a TEM grid (red) and SiO,/Si
substrate (gray).

is a general correlation between the crystalline quality and
the R, ratio: for instance, x-ray diffraction rocking curve
line widths are 19” for B1, around 160" for TF samples,
and around 1600” for the TF-B samples. Also, along with
the reduction in R,;, the intensity of the 3LO band also
tends to reduce, relative to that of 2O, as shown for B4
and TF-B in Fig. 1(b). Figure 1(d) displays the results
for all investigated NWs, the diameters of which range
from 29 to 350 nm. The average R,; among all NW sam-
ples is 7.1 £ 0.9, which is similar to those of TF samples,
close to that of the bulk reference B1 and those of most
previously reported bulk results [20,21,23,37], and thus,
indicates that most of these NWs possess good crystalline
quality. Importantly, our average NW value is roughly a
factor of 23 larger than that of the smallest NW studied in
Ref. [13], as compared in Fig. 1(d). We may conclude, at
least down to around 30 nm in size, the R,; value or EPC
exhibits little intrinsic size dependence in ZnTe NWs. The
observed fluctuation is most likely to be due to variation
in the surface conditions and crystallinity. Our results sug-
gest that the previously reported size dependence of Ry for
ZnTe nanostructures is likely to be extrinsic in nature. It is
important to note that the reported ZnTe NW RRS spectra
clearly show additional phonon modes related to Te clus-
ters [13]; this hints that the excitation density is sufficiently
high to induce structural changes that might affect the RRS
results. This effect is very subtle because the laser damage
threshold may vary by orders in magnitude for different
materials and depend on other extrinsic factors (e.g., mate-
rial dimensions and the supporting substrate) [42]. The
absence of Te-related Raman bands in Fig. 1(b) indicates
that the low excitation density employed here does not
induce structural modification. The findings further sug-
gest that reported results for other nanostructures in the
literature should also be reexamined carefully.

The R ratio or EPC can be tuned by growth control,
as demonstrated by the bulk samples B2—B5 and thin-film
sample TF-B. Here, we show how the RRS signatures
can be modified postgrowth by laser illumination in a
controlled manner. We examine the changes in R,; and
the appearance of the Te modes using two approaches: (1)
under a fixed laser power with varying cumulative illumi-
nation time and (2) under a fixed illumination time with
varying illumination power.

Figure 2 shows the results for one large and one small
NW. For an 800 nm NW, first, it is illuminated by 750 uW
for 5 s, then measured with 18 yW, repeating 18 times.
Figures 2(a) and 2(b) depict a few typical Raman spectra
and the relative changes in spectral features. Before illumi-
nation, there is a large R,; ratio of 8.3 and no observable
Te Raman modes. Immediately after the first illumination,
Rj; is reduced to 6.5 and very weak Te modes at 124 and
142 cm~! emerge. The intensity ratio of the 124 cm™' Te
mode to 2LO, Ryt =Ite/I5L0, changes relatively slowly
until the 16th time, with R,; and R, reaching 5.1 and
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FIG.2. Laser-induced modifications on Raman spectra of ZnTe
NWs. (a),(b): a large NW subjected to repeated illumination of
750 uW/5 s, with (normalized) spectra in (a) for selected repeat-
ing windows, as marked on (b), and the ratios of 7,1 0// L0 and
I1e/I510 at different repeating windows; (c),(d) for the same NW
illuminated for 5 s under different powers; (e),(f) a small NW
illuminated for 5 s under different powers.

0.08, respectively, but then the Te mode rises abruptly,
with Rt reaching 1.25. Second, it is illuminated with dif-
ferent powers up to 5.8 mW for 5 s each time. The results
are shown in Figs. 2(c) and 2(d): Ry is reduced to 3.8
and Rt increases to 0.2 after the highest power illumi-
nation. The results are combined effects of illumination
power and time. We repeat the power-dependence mea-
surements for a smaller NW of (73 £ 9) nm. The spectra
shown in Fig. 2(e) confirm that there are no Te bands at
low power with Ry; =4.7 (slightly defective), but the 1LO
and Te modes are enhanced relative to that of 2LO with
increasing power. Rj is reduced to 2.9 and Ry, increases
to 4.6 after high-power illumination, as shown in Fig. 2(f).
Although the appearance of Te modes is an indicator of
structural change, the change could have already occurred,
manifested as a change in Ry, before the Te modes actu-
ally become visible. Small NWs are more sensitive to the
power, primarily because of lower thermal conductivity.
We further show that the level of modification is con-
trollable, i.e., generating a R,; value in a prescribed range.
A thin-film sample with a large initial R, value is used.
Figure 3 shows the results of an array of 36 points being
illuminated with 4.8 mW for 20 s. Figure 3(a) is an opti-
cal image of the modified array, and the histogram plots

() N —
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FIG. 3. A pattern of laser-induced modification: a 6x6 array
with 5 um spacing on a thin-film ZnTe. (a) Optical image show-
ing illuminated locations. (b) A histogram plot of the Ry ratio
before and after illumination.

of the R, values before and after illumination are given in
Fig. 3(b), with averages of 8.2 + 0.2 versus 5.6 + 0.5. They
fall into two well-defined ranges. The results are stable, as
a value of 4.7 + 0.5 is remeasured 15 months later.

Because Huang-Rhys factor S is related to lattice relax-
ation between the two electronic transition states [10],
lattice relaxation practically does not occur between two
Bloch or extended states, such as a pair of valance and con-
duction band states, e.g., <cKluq|ck>—<VvKk|ug|vk>=0
[43]. For a free exciton, lattice relaxation is given by (using
the excitonic wave functions [44])

1
Aex(@ = — Y 1Al (ckluglek) = (vkluglvR), ()
0 %

where, for a large Wannier exciton, Ak will be the Fourier
components of the exciton envelop function. Lattice relax-
ation, A (q), will again practically be zero. Typically, it
is only possible to relate S to the relative intensities of
different phonon side bands in a straightforward manner
for optical transitions, such as luminescence and absorp-
tion, involving a highly localized state [45] that exhibits a
static lattice displacement between two charge states [46].
In a bulk crystal or a quantum-confined structure described
by an envelope function, lattice vibrations induce only
dynamic atomic displacements, but no change in their
equilibrium positions. Direct calculations of lattice relax-
ation for nanostructures confirm this conclusion, with S
values of about 1073 or below [9,28]. Therefore, Eq. (1) is
incapable of describing the intrinsic RRS of the bulk and
nanostructures [47,48]. One would have to introduce some
extrinsic effects to obtain a larger Ry, or S factor, if insist-
ing on using Eq. (1) [28], which, however, contradicts the
fact that the highest quality bulk sample has the highest
R>|. There are two basic theoretical frameworks repre-
senting two distinctively different approaches for treating
EPC [45]: one including EPC in the vibrational states,
e.g., Huang-Rhys theory [10], is more appropriate for
highly localized states, while the other (e.g., as reviewed
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by Permogorov [19]) includes EPC in the electronic states
and is more appropriate for extended states. The alterna-
tive theory, treating the RRS as successively scattered LO
phonons using discrete exciton bands as the intermedi-
ate states, is more appropriate for the problem [19]. Our
results for the highest quality bulk ZnTe sample, B1, is in
qualitative agreement with the latter theory, namely, 1LO
scattering should be very weak (unless under the direct res-
onance condition [37]), but extremely sensitive to extrinsic
perturbations.

Using ZnTe as a prototype system, we show no sig-
nificant change in the intensity ratio, R;;, of RRS from
bulk to nanostructures and, importantly, all have large
Ry values of around 7-10. However, by controlling the
impurity and/or defect level in bulk or thin-film ZnTe, we
can reproduce practically the whole range of R, varia-
tion reported in the literature for nanostructures of varying
size. Our findings indicate that it is of paramount impor-
tance to prevent extrinsic effects in both materials and
measurements for establishing the intrinsic reference. The
basic assumption of nonzero lattice relaxation in bulk is
inappropriate, and thus, the common practice of using the
Albrecht A” term to describe RRS is unjustified. The inten-
sity ratios of the nLO RRS bands are related to EPC, but
are also affected by various other processes, and thus, can-
not be used for deriving the Huang-Rhys factor. This work
provides a reliable experimental benchmark for validating
theoretical methods.

The ability to control EPC during and after growth in
the large window between the intrinsic value and achieved
extrinsic value opens up opportunities for applications,
such as in memory devices or sensing. For instance, both
changes in nLO intensity distribution and relative intensity
to the Te defect modes can be used for coding quantum
information in the nanostructures for security and com-
puting applications with preprogramed and reconfigured
devices. The change in nLO ratios by surface modification
with chemicals could lead to sensing applications.
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