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ABSTRACT: The degree of enhancement in radiative recombination in ensembles of
semiconductor nanowires after chemical treatment is quantified within a derived limit by
correlating the energy released during the photoemission processes of the light—matter reaction
and the effective carrier recombination lifetimes. It is argued that the usage of surface
recombination velocity or surface saturation current density as passivation metrics that assess
the effectiveness of surface passivation does not provide strict and universal theoretical bounds
within which the degree of passivation can be confined. In this context, the model developed in
this study provides a broadly applicable surface passivation metric for direct energy bandgap
semiconductor materials. This is because of its reliance on the dispersion in energy and lifetime
of electron—hole recombination emission at room temperature, in lieu of the mere dependence
on the ratio of peak emission spectral intensities or temperature- and power-dependent
photoluminescence measurements performed prior and subsequent to surface treatment. We
show that the proposed quantification method, on the basis of steady-state and transient

Hs VS

Hs N8

photoluminescence measurements performed entirely at room temperature, provides information about the effectiveness of surface
state passivation through a comparison of the dispersion in carrier lifetimes and photon energy emissions in the nanowire ensemble
before and after surface passivation. Our measure of the effectiveness of a surface passivation protocol is in essence the supremum of

lower bounds one can derive on the product of At and AE.
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1. INTRODUCTION

Owing to the higher surface-area-to-volume ratios in lower-
dimensional semiconductor structures and the subsequent
induction of forbidden energy-band transitions caused by
surface trap states,'  the intrinsic properties of d-dimensional
semiconductor structures for all d € {0, 1, 2} are directly
influenced by their surface condition.*”® To help mitigate this
issue, researchers have used sulfides (such as thiol-bond
containing chemicals) for the surface passivation of group III—
nitride nanostructured materials, via forming strong covalent/
dative bonds between material surface and sulfur atoms.”'’
Zhao et al. investigated the passivation of InGaN/GaN
multiple quantum disc (MQDisc) nanowire-based light-
emitting diode (LED) devices by 1-octadecanethiol (ODT,
CH;(CH,),,SH) to modify the surface charge dynamics by
weakening the band bending, thereby recovering the band-
edge emission.'' However, 1-octadecanethiol passivation has
the potential of negatively influencing the operational stability
and optoelectronic performance of nanowire-based devices.
Khan et al. examined the spatiotemporal dynamics (generated
by the Lie algebra relations [ry, r,] = 0 and [ry, t] = i4,r; on the
commutators' for the spatial variables #; and the time variable
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t, where 1, is the Planck time) in as-grown and passivated
InGaN nanowires and reported that 1-octadecanethiol
passivation of the nanowires renders them covered by an
amorphous polymeric coating. The coating was a result of
severe polymeric deposition because of the long carbon chain
in 1-octadecanethiol. Comparatively, 1,2-ethanedithiol (EDT,
HSCH,CH,SH), having a much shorter carbon chain, can
mitigate the polymeric deposition and thus preserve the
integrity of the nanowires.”'> Whereas 1-octadecanethiol and
1,2-ethanedithiol are organic chemical compounds, potassium
hydroxide (KOH) is an elementary and nontoxic inorganic
compound that was previously used to suppress surface
recombination in AlGaN nanowires'* and is commonly used
in semiconductor chip fabrication.'>® Yet, the aforementioned
reports lack discussions of physical insights into the extent of
the goodness of nanowire surface passivation through quantum
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mechanical descriptions and criteria that set theoretical
bounds. Such theoretical bounds provide a fundamental scale
of descriptions that define relevant and universal figures of
merit to assess the effectiveness of passivation protocols. This
is accomplished by scaling the effectiveness of passivation
protocols in an inequality where dispersion in lifetime and
energy are confined via a Heisenberg uncertainty relation.
Further restriction of such a relation should correlate with
worse passivation, a situation in which a passivation did not
accomplish a remarkable change in the optoelectronic
properties of the photoexcited nanowire ensemble. In
particular, when a passivation process does not alter the
optoelectronic properties of the nanowires, the product of the
dispersions in lifetime and energy is no longer only known to
be greater than Heisenberg’s lower limit 2/2; rather, it should
be close to the original product before implementing the
passivation process.

Figure 1 illustrates common electronic absorption energy-
band transitions in a direct energy bandgap semiconductor. In
a wide bandgap semiconductor with high density of impurities
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Figure 1. Simplified schematic illustration of exciton recombination
paths in direct bandgap semiconductors: (1) intraband transition,
whereby hot electrons relax their energy primarily by emitting
phonons can also emit photons (this process is rare, as it involves
many particles such as hot electrons under the assistance of either
other electrons and ph0n0n524_26) ; (2) band-to-band transition; (3)
shallow donor-to-shallow acceptor transition, where e is the
elementary charge and r is the orbital radius of an excited state; (4)
donor-to-valence-band transition; (S) conduction-band-to-acceptor
transition; (6) free and bound excitonic transitions; and (7) surface
states reaction sites, with energy eigenvalues given by E = [V* —
(qzh*/ma)*)"* + #2/2m[(n/a)® — q*], where V is the surface
potential, m is the charge carrier mass, 7 is the Dirac constant, k =
+7m/a is the Brillouin zone boundary, and g is a quantization
parameter (for all energy levels of the surface states to be within the
band gap, we must have q € [0, zmaVh?]).””*® Other transitions not
shown here include donor-to-conduction band and acceptor-to-
valence band. E, is the energy bandgap, h is Planck’s constant, c is the
speed of light, EC ; is the Coulombic interaction energy between the
electron and electron hole, 8E.;,q is the exciton—donor/acceptor
binding energy (6 = 0 for free excitons whereas § = 1 for excitons
bound to donors/acceptors), and Ej, and E, are the donor and
acceptor levels, respectively.

410

and defects, photoluminescence (PL) can originate from deep-
and shallow-level defect states, hence showing photolumines-
cence signatures centered at photon emission energies below
its energy bandgap value (transitions (3), (4), and (5)).7"®
Moreover, surface defect states are continuum states and may
cause band bending in the energy band structure of the
nanowires. In general, band bending causes photoemission
from the conduction band at different energy levels compared
to that of flat energy bands. In our case, such band bendin,
causes band-to-band photon emission having lower energy.
This happens at the surface, but in the bulk of nanowire
structures, we should observe flat energy band emission. In
fact, GaN-based nanowires generally suffer from oxygen and
nitrogen vacancies (V) that act as surface defect states.'” As
a consequence, surface passivation would improve the
photoemission characteristics and reduce its peak width.*’~>*
It is worth noting that when nanowire surfaces are passivated,
no additional radiative centers are introduced because the
density of states (DOS) in the valence and conduction band
edges remain unchanged (D,(E); while nanowire surfaces are
two-dimensional (2D)*’). Rather, the intensity of photo-
emission is affected. Therefore, rather than basing our
assessment of passivation effectiveness merely on the ratio of
peak photoluminescence emission intensities prior and
subsequent to surface state passivation, as currently demon-
strated in various literature, the present work utilizes the
dispersion in spectral emission lines. By incorporating the
dispersion in emission lines into our model, we thereby are
aligning it more with the physical reality that band bending
occurs and causes lower energy emission as observed in prior
photoluminescence studies.

In this article, we execute a quantitative study of the surface
passivation effects on 1,2-ethanedithiol-treated Ing;,Gag N/
GaN and potassium hydroxide-treated Aly;,GaggsN/
Aly30Gag 7N nanowires using steady-state and transient
photoluminescence. We previously studied the photoinduced
entropy generation in similar nanowires using temperature-
dependent steady-state photoluminescence, a phenomenon
induced by strong exciton localization effects and charge
carrier trapping by surface defect states.”””° Our previous
thermodynamic approach was utilized to provide qualitative
comparison between two materials (namely, Iny3,Gay N and
Aly15Gagg,N) in terms of their luminescent refrigeration
efficiencies. The quantity we termed “generated entropy”
evolved with temperature, but because there is no scale, this
evolution could be anywhere between vast and marginal. Thus,
this approach is rendered unsuitable for the assessment of the
effectiveness of and comparison between surface passivation
procedures. Here, we quantify the surface passivation effects
through the Heisenberg uncertainty principle

1 N A
AHAQ 2 (PI[H, QIIY) (1)

where H and Q are arbitrary noncommuting observables, by
introducing a figure of merit that employs Heisenberg’s
fundamental limit 72/2, advancing our understanding of the
assessment of the effectiveness of surface state passivation.

Based on Fermi’s golden rule,®’ the strength of radiative
recombination is a multiple of the magnitude of the transition
matrix element, a dimensionless quantity that is directly
proportional to the square of the electron—hole wave function
spatial overlap matrix element
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Figure 2. Simplified schematic and layer structures of an (a) Ing;,Gay¢N/GaN double-heterostructure nanowire and (b) a multiquantum-disk
Alg14Gag g¢N/Al30Gag 70N nanowire. Insets: plan-view electron microscope images of the nanowire samples). (c) Fitted 1,2-ethanedithiol-treated
Ga 3s/S 2p X-ray photoelectron spectrum from an ensemble of Ing3,Gay¢N/GaN nanowires. Inset: zoomed-in view of the fitted 1,2-ethanedithiol-
treated photoelectron spectrum. (d) Fitted potassium hydroxide-treated Ga 3d 2p X-ray photoelectron spectra from an ensemble of Aly;,GaggsN/
Aly30Gag 7N nanowires. (e) Semilogarithmic scale Ing3,GagggN- and Al 1,GaggeN/Aly30Gag70N/GaN-related steady-state photoluminescence
spectra before and after surface passivation showing homogeneous (Ing;,GageN) and inhomogeneous (Aly,4Gagg¢N/Aly30Gag70N) photon
emission distributions at room temperature. (f) Semilogarithmic scale Ing;,GaggsN- and Aly,,Gagg¢N-related as-grown and surface-treated time-

resolved photoluminescence rise/decay curves at room temperature.
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when written in terms of the inner product of the complex
vector space of square-integrable functions [0, L] — C with L
being the one-dimensional (1D) spatial length of the quantum
confined region. For an optical transition from a state of higher

energy (¥,) to a state of lower energy (¥,), the optical

transition rate (W)) caused by photoexcitation can be

expressed as

32,33

W, = 223 KR 6(s, — &, — ho)

n#k Mion

()

where H_ = H'(r, t) = —LA(r, t)-p is the perturbation
my

Hamiltonian of the downward optical transition [¥;) — I¥,)
(where m, is the free electron mass, A(rt) is the vector
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potential, and p is the momentum operator). & and ¢, are the
energy eigenvalues of the eigenstates ¥, and W, respectively.
That being so, 6(¢, — &, — Aiw) in eq 3 is the Dirac delta
function of an individual emission from a k — n transition that
ensures energy conservation, whereas M,_ , is the square
magnitude of the emission. The product of these two
quantities, for each n # k, represents the selective emission
for a particular transition. Nonetheless, in this work we stress
the fact that quantifying the quality of molecular beam epitaxy
(MBE)-grown nanowires incorporating only the M, _,, terms
is insufficient. Indeed, with significant reduction in common
impurities and vacancy centers, such as the growth-induced
formation of carbon impurities34_36 and nitrogen-vacancy
related defects,”” surface recombination predominantly affects
the performance of nanowire-based devices because the
quantum efficiency of nanowire-based optoelectronic devices
can be limited by the increased density of surface trap states
(Shockley—Read—Hall recombination),”® which also manifests
itself by introducing lower-energy defect-induced photo-
emission because of band bending that distorts the shape of
the photoemission spectrum as described earlier. The
introduction of such emission centers can be accounted for
by eq 3. Thus, we argue that incorporation of Heisenberg’s
uncertainty principle takes into account the dispersion
behavior manifested by the delta terms in the optical transition
rate W). As we examine the effectiveness of surface passivation
in view of Heisenberg’s uncertainty principle, we emphasize
that deep-level traps within a direct bandgap can be created by
defects in the material lattice structure whereby lattice
vibration manifests itself in nonradiative interactions between
phonons and defect channels in the material crystal
structure.””*

2. NANOWIRE LAYER STRUCTURES AND SURFACE
TREATMENT: METHODS

2.1. Nanowire Growth and Surface Passivation
Protocols. As a test vehicle for our theoretical analysis, p—
i—n nanowire heterostructures were grown by plasma-assisted
MBE on titanium/TiN-coated silicon substrates, where the
growth conditions are similar to what we reported previously
for similarly synthesized samples.*""** Titanium and TiN are
excellent thermal conductors and therefore induce improved
thermoelectric cooling characteristics compared to silicon,
which aids in the enhancement of the luminescent refrigeration
in optoelectronic devices."** The direct growth of GaN-based
nanowires on metal foils would avoid the complications of
conventional transfer methods,** which significantly increases
throughput while maintaining an excellent electrical contact to
the nanowires.*> Figures 2a and 2b show schematic
illustrations of the double-heterostructure In,;,GaysN/GaN
and partially coalesced Alj,,GaggsN/Alj30Gay70N nanowires
examined here, with the c-axis along the growth directions
normal to the substrates. With regards to one-dimensional
quantum confinement effects, it is important to note that our
nanowires are not ideal quantum nanowires as the cross-
sectional sizes are relatively large when compared to the Bohr
diameter of the three-dimensional excitons in their bulk
counterpart, which is about 3 nm for GaN.** While the
nanowires do not exhibit strong one-dimensional exciton
quantum confinement effects, they do exhibit a center-of-mass
confinement, leading to weak quantum confinement effects,
which are still pronounced.
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We started the surface passivation process of the
Ing;,GagsN/GaN nanowires by cleaning the sample with
acetone and isopropyl alcohol. We then applied buffered-
oxide-etch (BOE) solution for 45 s to remove any native oxide
layers. After that, we immersed the sample in 1,2-ethanedithiol
for 10 min to passivate the surfaces of the nanowires. We
expected 1,2-ethanedithiol to reduce the Ing;,GajN/GaN
surface state reaction sites, forming strong bonds between the
sulfur and group III atoms, thereby terminating the dangling
bonds at the nanowire sidewalls that trap charge carriers.'"' "%
We then cleaned the sample with ethanol. Likewise, after the
Al 14GagggN/Aly 30Gay 70N nanowire growth, the nanowires
were treated in a potassium hydroxide solution with a
concentration of 10 wt % at 45 °C for 30 s. The nanowires
were then rinsed in deionized water for 10 min. It was
postulated and verified through macroscopic measurements
that potassium hydroxide etches the nanowire surfaces, thereby
reducing the dangling bonds.'**” Evidence that confirm
sidewall passivation action in nanowires with similar structure
and nanowire density is demonstrated using high-resolution
transmission electron microscopy (HRTEM) imaging in our
previous publications.”” For photoluminescence character-
ization, the same sampled areas of the nanowires were
characterized before and after surface passivation to ensure
the consistency and comparability of the measurements.

2.2. Physical Evidence for Surface Passivation.
2.2.1. X-ray Photoelectron Spectroscopy Measurements.
We investigated the change in surface chemical properties of
the Ing3,GagegN/GaN and Alj,,Gagg6N/Alj30Gag-oN nano-
wires after 1,2-ethanedithiol and potassium hydroxide surface
passivation, respectively, by analyzing photoelectron spectros-
copy results. High-resolution X-ray photoelectron spectrosco-
py (HRXPS) measurements were performed to analyze the
surface properties of the nanowires before and after surface
passivation. The photoelectron spectra were obtained with an
Axis Ultra DLD system using an Al Ka X-ray radiation source
(hv = 1486.8 eV). The probing depth was ~10 nm with a
measurement accuracy of £0.05 eV. The binding energy (Ejg)
was calibrated based on the 284.8 eV C 1s peak. The data
analysis was performed with “CasaXPS”, and the peaks were
fitted with a Gaussian—Lorentzian function. Because of
discrepancies in the shapes of individual binding energy
bands, spectral peaks were deconvoluted using a Gaussian—
Lorentzian profile to extract the relevant elemental X-ray
signatures. In Figure 2c, we show the Ga 3s/S 2p photo-
electron spectrum for the 1,2-ethanedithiol-treated
Ing3,GagsN/GaN nanowire sample. The spectrum shows a
peak at 160.6 eV corresponding to Ga 3s singlet. In addition,
we show a zoomed-in view of the 1,2-ethanedithiol-treated
photoelectron spectrum in the inset of Figure 2¢, which was
fitted with two (S 2p;;,—S 2ps,,) doublets. The two peaks
centered at 163.4 and 164.6 eV (S 2p doublet) correspond to
the C—S—H bond. An additional S 2p doublet located at 168.6
and 170.4 eV (Figure 2c) is attributed to the S—O bond from
sulfur oxide formed after surface passivation.” In Figure 2d, we
show the Ga 3d photoelectron spectra for the potassium
hydroxide-treated Al ;,GajgsN/Alj30Gag ;N nanowire sample
before and after surface passivation. This passivation process
was implemented effectively as the binding energy value of Ga
3d became smaller after surface treatment (decreased from
19.9 to 19.6 €V), indicating the considerable termination of the
surface dangling bonds and removal of surface oxides.”” ™"
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2.2.2. Steady-State and Transient Photoluminescence
Measurements. The surface passivation effects are also evident
from the steady-state and transient photoluminescence spectra
of the nanowires at room temperature. The photolumines-
cence measurements were performed with a mode-locked
Ti:sapphire laser (Coherent Mira 900) having a laser power
output of 1.90 W at 800 nm, and the measurements were used
to study the photoemission energy dispersion and carrier
lifetimes in the active layers of the nanowires. A third harmonic
generator (APE-SHG/THG) was used to excite the sample by
an output wavelength (4.) of 266 nm at room temperature.
Emission of the samples was detected by a monochromator
attached to a UV-sensitive Hamamatsu C6860 streak camera
with a temporal resolution of 2 ps. We fitted the steady-state
photoluminescence spectra with Cauchy—Lorentz distribu-
tions to extract the emission line widths as discussed in the
Supporting Information. The transient photoluminescence
decay curves were fitted and analyzed by using a biexponential
decay model, which provided the most proper fit because of
the multicenter recombination characteristics exhibited by the
nanowires.*”?%>* Figures 2e and 2f show the Ing3,Gag¢sN-
and Aly,,Gagg¢N/Aly30Gag,oN-related steady-state and tran-
sient photoluminescence spectra, respectively, of the samples
before and after the 1,2-ethanedithiol and potassium hydroxide
passivation. We observe the reduction in energy dispersion
after surface passivation, from AE = 0.311 to 0.267 eV for
Ing3,GagesN and AE = 0.354 to 0.239 eV for Aly;,Gag N/
Al 30Gag N, implying reduced carrier recombination at defect
centers.

On the other hand, because nonradiative recombination
channels can dominate the excitonic recombination processes
at room temperature, ">’ we observe slower recombination
lifetimes of 7, = 231 ps in Inj;,Gay¢N and 7y, = 304 ps in
Al 14GaggsN subsequent to surface passivation compared to
133 and 278 ps, respectively, prior to surface passivation,
indicating that the surface treatment protocols had reduced the
density of surface defect states and significantly recovered the
band-edge emission as longer nonradiative recombination
lifetimes are a signature of the suppression of surface
states.””>>>" Subsequent to the surface passivation, the peak
spectral intensities of Aly;,Ga;ggN- and Ing;,GajgN-related
photoluminescence emission increased more than 2- and 3-
fold, respectively, in linear scale. The enhancement in the
spectral peak intensities is attributed to the effective surface
passivation using 1,2-ethanedithiol and potassium hydroxide,
which synchronously reduced surface states and recovered the
band-edge emission, leading to a reduction in the surface
recombination velocity (S, see the Supporting Information)
because of the higher density of nonradiative recombination
channel at room temperature and an increase in the
photoluminescence peak spectral intensity.

3. DERIVATION OF A SURFACE PASSIVATION FIGURE
OF MERIT

Herein, we undertake to determine an approximation of the
degree of dispersion in observed carrier relaxation lifetimes and
recovery of band-edge emission of atomic transitions after
nanowire surface state passivation as measured using steady
state and transient photoluminescence at room temperature.
3.1. Derivation of Dispersion in Carrier Lifetime and
Emission Energy Relations. We recall the classical form of
Heisenberg’s uncertainty principle that relates the measure-
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ment of the dispersion in time () and energy (&) for an
excited atom

AtAE > n

2 4)
where At = 7 and AE resembles the uncertainty in time and
energy, respectively, that are arising from wave properties
inherent in the quantum mechanical wave—particle nature of a
measured system.’> Whenever an atom undergoes a downward
transition between electronic states, quantized amounts of
energy are released in the form of photons, each of which has a
radiation frequency (w,) that is associated with its energy
(&™) by EM(w,) = hw, (n € N being the photon number).
The average time interval after excitation during which an
atom radiates is termed the effective decay lifetime (At =
avg56’57), which we took as 7y, (inferred from fitted
biexponential decay models in our time-resolved photo-
luminescence experiments).”” Unlike the measurement of
two conjugate variables with noncommuting operators, say a
particle’s position 7 and its associated momentum p, whose
canonical commutator relation is [#, ﬁn ] =ihé,, = 0 for k #

n, & and t cannot satisfy a canonical commutation relation
because t is not a Hermitian operator; rather, it is a
nondynamic independent variable on which the dynamical

variable &—represented by its corresponding operator E—is

dependent.”>***” Uncertainty in measured & (Figure 3) is
&, } AEM =hAw,
Awmin = L = L
R s 2At 2t
3 =
=< _H
z“\):
&

Figure 3. Illustration of the uncertainty in measured & during the
decay from excited states in a measured system.

what we observe during the decay from excited states, when,
for example, measured by time-resolved spectroscopy
techniques.””®" If A& — 0, then 7 — oo, implying that the
system would permanently remain in its stationary state.
However, the system decays because the excited levels are not
stationary (e.g, they can be a linear overlap of different
eigenstates). In this case, the state is an overlap of stationary
states (¥ = Ya,%¥,) that are not eigenstates of the

Hamiltonian (HY # E¥).% This results in AS # 0 and a
finite nonzero At. As a consequence, the emitted photons have
an energy uncertainty 7iAw because of finite At. Therefore, for
typical steady-state and transient photoluminescence measure-
ments, the uncertainty principle can be stated as

h
A8 (w,) > 5y )

where 7 is taken as the effective relaxation time that was
observed over certain emission energy/wavelength window,
and AE,(w,) is the dispersion in photon energy emission as
measured within the same window during which 7 was
averaged. This uncertainty corresponds to a minimum
uncertainty in @ through the Heisenberg uncertainty principle.
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We necessarily note that these uncertainty arise from the
quantum structure of the layered materials comprising the
nanowires, including perturbative defects embedded in the
crystalline material such as local defects and surface states, not
the photoluminescence measurement process itself.”> This
form of the uncertainty principle given in eq 5 may imply that
energy conservation can appear to be violated by an amount

AE, =h / dw (taking into account the dispersion in photon

energies).”’ Here, we propose a bound within which the
degree of surface state passivation can be restricted that relies
strictly on the photoluminescent emission’s dispersion in
energy and lifetime. As a result of the recovery of band-edge
emission and the carrier lifetime dispersion after surface
passivation (say, at room temperature), we have

Ty < Tﬁ (6)

(A8 (@,)), > (AE,(®,))s )

where 7, and 7 are the effective measured carrier lifetimes, as
defined in eq 5, before and after surface passivation,
respectively. Analogously, (AE,(@,)), and (A& (@,)); are
the dispersion in emission energy before and after passivation,
respectively. To deduce a limit that improves on Heisenberg’s
uncertainty limit 7/2, we define a set of four parameters
(hereafter termed the four deltas) as follows:

[7)
A, =1,(A8 (@), = Y (8)
n
Ay = 5(AE(@,))s 2 3 )
A, = 7,(A8,(@,) (10)
A, = (A&, (@), (1)

where A, and Ay are absolute and A, and A, are mixed deltas.
We will assume that strict inequalities occur in both eqs 8 and
9. From eqs 6 and 7, we infer the following inequalities

A€ > Aﬂ > Ay (12)

(13)
So, (A},, A,) is a nonempty interval containing both A, and Ay
Am A/} € (Ayr As) (14)

Furthermore, we cannot a priori compare A, and Ay but by
Heisenberg’s uncertainty principle we know that both A, and
A/; cannot fall below 7#/2. In other words, Heisenberg’s
uncertainty principle applied for our system before and after
passivation can be restated as

A{l’ Aﬁ (S (E, 00)
2 (15)

If (AE,(®,)), — (AE,(®,)); is infinitesimally small, then A,
will exceed 71/2

A, > A, > A,

h
S (16)
Thus, we have the strict inclusion
(4,, ) C (E, oo)
2 (17)
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So, knowledge of (AE,(@,)); alone allows one to calculate A,
and would supposedly improve on the Heisenberg uncertainty
principle in view of eq 12. Likewise, when 75, — 7, is
infinitesimally small, A, will exceed 7/2 and we obtain the
same conclusion; that is

h
A > —
L)

3.2. Deduction of a Passivation Metric. Given a set of
information represented as a conjunction of logical statements
and observations, 7, we define I(Z) as the greatest lower
bound that one can prove on A As applying the Heisenberg
uncertainty principle to our system after passivation yields a
lower bound on Ay namely, 7/2, letting 7, denote a fixed
minimal conjunction of statements allowing the derivation of
Heisenberg’s uncertainty principle one would obtain

h
I(1,) = —
( 0) 2 (18)
by the tightness of the isoperimetric inequality. Of course,
letting D be the statement that we have measured A then
with

1:=D A I, (19)
we would have

() = Ay (20)
In addition, for any 7

(1) <4y (1)

Letting E be the statement that we measured 7, and (AE)j,
then with

I,:=E A I, (22)
we have that
() > ma.x(Ay, E)
2 (23)

We use the lower bound ma.x(A E) as a proxy for I(Z,). This

7o
assumption is justified by the fact that knowledge of the energy
dispersion (after passivation) does not indicate the amount of
the dispersion in carrier lifetime (after passivation), for one
does not know where the peak energy emission is located (e.g.,
red- or blue-shifts could occur).

While there is a wide range of possibilities, and we can
determine the four deltas after surface passivation, the lower
bound obtained on Ay vial by considering A, for a passivation
that does not significantly change the energy dispersion is a
lower limit that improves on Heisenberg’s uncertainty
principle. On the other hand, we should not get an easy
improvement on Heisenberg’s uncertainty principle, meaning
that if this number is not lower than the lower limit of
Heisenberg’s, then we could claim that the material after
passivation did not undergo dangling bond termination, so the
passivation quality is poor. Furthermore, in the limit where
there is no passivation, the four deltas collapse as they become
equal to one another (ie., A, = Ay=A = A,). In this limit, we
will have A /A, = 1. When passivation effects occur, the ratio
A,/A, will become less than one. The closer this ratio to zero,
the better the passivation. Put differently, the lower the ratio,
the larger the interval bounded by A, and A,
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(a) hv N

N (b) © . § )

Figure 4. Graphical summary of our experimental method and analysis: (a) performing steady-state and transient photoluminescence
measurements prior to surface passivation, (b) applying a surface passivation protocol, (c) performing steady-state and transient
photoluminescence measurements after surface passivation, and (d) calculating A, and A, to determine the effectiveness of the surface
passivation protocol.

Table 1. Summary of the Assessed Surface Passivation Goodness for the Materials and Passivation Protocols Discussed in This
Article”

material (A8, (@,))a (AE,(@,))s Ty 7 A, A, A/A,
Ing 3 Gag N 0311 0267 133 231 3.55 7.18 0.49
Aly,1,GaggsN 0354 0239 278 304 6.64 10.76 0.62

“Both passivations have moderate effects as their calculated A},/ A, ratios lie in or close to the middle of the interval defined in eq 24. As the Ay/ A,
ratio is smaller for Iny ;,Gag N, the passivation is more salient than for Al ;,GagN. (A, (@,)), and (AE,(®,)); are expressed in eV, and 7, and
7y are expressed in ps, whereas A, and A, are expressed in 107'! eV's.

A, < because A, is in this case a noninformative lower bound
A ) (2 4) on A[}
Table 1 summarizes our experimental results from this

while we have paper. The calculated values of A, for Ing3;,GageN and

A, < Ay — 74 is higher Al 1,GagggN are 3.55 and 6.64 X 107'! eV's, respectively.
Given that #/2 = h/4n ~ 6.58 X 10°'¢ eV-s, we have
A, > Ay — (A8)y islower A,/(1/2) ~ 540 X 10* 10* for Ing3,GageeN and ~1.01 X
Figure 4 depicts a graphical summary of our experimental 10° eVs for Aly14GaggeN. Figure S demonstrates a graphical
method and analysis. The method and analysis presented here depiction of the different qualities inferred about the
can be applied to other forms of direct bandgap semiconductor passivation goodness from the size of A,. Thus, A, has the
materials. Our model relies solely on the dispersion in energy significance of telling us the largest lower bound on Ay In
and lifetime of electron—hole recombination emission at room other words, when we determine A,, we ascertain whether it is
temperature. In addition to our quasi-1D nanowires, the model very close to Ay. If so, then the passivation did not significantly
can be extended other forms of nanostructures such as thin alter the material surface and would not enhance its
films (Figure 4 depicts nanowires for illustration purposes photoluminescence performance. Then we take the ratio A,/
only). A,, whose shrinkage correlates with more effective surface state
passivation. The closer the ratio is to unity, the closer the

4. DISCUSSION AND ANALYSIS material surface is to its original state.

The limit I(Z,) - 7/2 signifies having more information
about the goodness of the passivation protocol in virtue of us

5. CONCLUDING REMARKS AND FUTURE WORK

having less information about the current state of the material In summary, we proposed a method to quantify the
surfaces, given their previous state prior to implementing the effectiveness of nanowire surface passivation protocols in
passivation protocol. What is more, if we only measure 7, and terms of the quantum uncertainty lower bound. In particular,
(AE,(w,)), we establish a figure of merit by comparing A, to the methodology developed and discussed here takes into

account the change in the effective carrier lifetime and energy
dispersion of a photoluminescent system. By correlating the
extracted carrier lifetimes and photon energy dispersion values
from steady-state and transient photoemission responses,

Heisenberg’s limit 7/2, based on the fact that we have less
information:

1. Ay>> n/2: Given the original state of the material

surface, we still know a great deal about the material respectively, the degree of enhancement in radiative recombi-
surface condition after surface passivation, indicating a nation in ensembles of semiconductor nanowires after surface
null passivation of the material surface dangling bonds. treatment was quantified within a derived limit (A,/A, € [0,
2. A}, > h/2: The knowledge we acquired indicates a 1]). By generalizing the uncertainty principle to our photo-
moderate passivation of surface defect states. luminescence measurements of nanowires, we were able to

define a strict limit and introduce an indicator of the
effectiveness of surface passivation protocols. Ideally, if we
have two similar samples of nanostructured semiconductor
defect states. . . .
) ) materials and we perform two different surface passivation
4. A, < 1/2: We know practically nothing about the new experiments, we will aim to find out which one produces
state of the material surface, indicating practically ideal higher A, and lower A, values, but the way we demonstrate the
passivation from a photoluminescent point of view, goodness of surface state passivation here gives us another view

3. A, < 1/2: More knowledge is lost about the new state
of the material, indicating a good passivation of surface
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null passivation
(8, > 1/2)

(a)

ideal passivation
(8, =0)

undefined
no passivation
(A7 = Aa)
A,

ideal passiviation
(A'y = 0)

Figure 5. A graphical illustration of the different qualities inferred
about the passivation goodness from the size of A: (a) A, relation to
1/2; (b) A, relation to A,.

on why lower A, is better. Namely, when A, is lower, the
material is becoming less like that before passivation in virtue
of the enhancement of optoelectronic properties of the
passivated nanostructure surfaces.

As is the case with novel measures of effectiveness, the
extreme cases are usually clearer than the gradient in between.
For instance, we argued that if our passivation figure of merit
(cf. eq 24) being equal to zero or unity corresponds to ideal or
completely nonexistent passivation, respectively. Further
research could investigate whether, for the intermediate
regime, inferred effectiveness grows linearly or otherwise as a
function of the A,/A,. Finally, surfactants significantly reduce
the surface tension of the chemical passivation agent. While the
use of surfactants in a highly dense nanowire ensemble was not
discussed in the present work, the utilization of surfactants
could ensure a more effective passivation of nanowire surfaces
in such nanowire ensembles. Extending our work to
incorporate the effect of surfactants would further the
understanding of the extent of passivation effectiveness by
developing more quantitative analyses and benchmarking our
model.
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