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ABSTRACT

Type Il core —shell nanowires based on Il =V and II-VI semiconductors are designed to provide the highly desirable but not readily available
feature —efficient charge separation —and concurrently address the different material challenges specific for a few key renewable energy
applications: including hydrogen generation via photoelectrochemical water splitting, dye-sensitized solar cells, and conventional solar cell S.
They also open up new avenues for studying novel physics and material sciences in reduced dimensionality of very unusual quasi-one-
dimensional systems. A first-principles density function theory within the local density approximation (LDA) is used for the electronic structure

calculation and a valence-force-field method for the strutural relaxation, and emprical corrections to the LDA errors are applied.

In a conventional semiconductor, electrons and holes typi- region, respectively, without even having to introduce a
cally stay in the same region after photoexcitation, which is barrier layer (the spacer) in between. Such “quantum coaxial
very desirable for certain applications, light-emitting devices cables”, besides their unique ability of inducing efficient
for instance, where a maximized wavefunction overlap of charge separation, may remedy major material shortcomings
the electron and hole yields a high radiative recombination for the above-mentioned applications in solar energy harvest-
rate. However, for a number of key renewable energy ing. Specifically, the proposed cerghell nanowire may (1)
applications, including hydrogen generation via photoelec- offer materials with optimized band structure and much better
trochemical water splitting dye-sensitized solar ceffland  stability for water splitting, (2) provide replacements for the
even regular solar celfsthe efficient charge separation of generally less stable sensitizerdye moleculeswith solid-
the electron and hole after photoexcitation is instead highly state sensitizers and also greatly extend the coverage of the
preferred, although not readily available in the existing solar spectrum, and (3) minimize the radiative recombination
repertory of materials. In this work, “quantum coaxial |oss in the conventional solar cell and cover nearly the whole
cables”, core-shell semiconductor nanowires with large type jsaple solar spectrum in one single ternary system (e.g., from
Il band alignments as microscopic architectural analogues < 5 ev to >3.0 eV with GaN-GaP). The flexibility of
of conventional coaxial cables, are designed to provide thistailoring the material properties to address the specific
feature, anq_concurrently a superior ele_ctronic conductivity, challenge of each individual application makes them very
another critical feature for these devices to reach their 5o mising materials to allow these technologies to fulfill their
ultimate efficiency limits. , full potentials. Additionally, they could be very useful for

A conventional coaxial cable is a two-conductor cable e anpiications related to solar energy, for instance,
consisting of a central wire conductor symmetrically sur- y,omoelectricity and photocatalytic cells for water and air
rounded by a braided conductor with an insulating spacer in urification®
between, as shown in Figure 1la. The braid serves as a returrfnj L . .

Recently, there has been a major increase of interest in

channel for the electric current running in the core or allows cond 68 Wh d .
“holes” (in the language of semiconductor physics) to flow semiconducior nanowires: en comparec to semicon-
ductor quantum dots, quantum wires satisfy the critical

in the opposite direction. We will show that it is possible to - - = )
requirement for many practical applications; that is, the

design a coreshell semiconductor nanowire, as shown for s :
example in Figure 1b, such that the electron and hole electron and hole conductivity should be retained for at least

wavefunctions are naturally confined in the core and shell ©N€ dimension in order to inject or extract the carriers into
or out from the nanostructures, while still being able to take
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Figure 1. (a) Schematic of the cross section of a conventional coaxial cable. (b) Cross-section view of a “quantum coaxial cable”, a
GaN—-GaP core-shell nanowire, with a GaN core, GaP shell, and hydrogen passivation shell (N, blue; P, yellow; Ga, magenta; H, white).
The size of the wire is~4 nm. The horizontal axis is in the zinc-blendel@] direction, and the vertical is 12].

and carrier scatteriffjy A large variety of group IV, II+V, GaN GaP  H0  ZnO  ZnTe
and II-VI nanowires have been grown or synthesized and I e Tl
investigated both experimentally and/or theoretically, includ- 4
ing single component wires and cerghell wires. However, ]
most efforts on coreshell wires have focused on structures 3
consisting of core and shell materials with type | band ]
alignments (e.g., GaPGa0s, GaN/AlGaN, CdSe/ZnSY, 12
where the shell provides either the conventional role (i.e.,
the quantum confinement effect to both electrons and holes R
in the core) or the role of a protective cladding to the core
to reduce sensitivity to the environment. Ceshell wires 1 --%- 1.23 0-95\T
with closely aligned band edges, e.g., ZAOO,, have been 01 0-87\‘_r ' -t--
synthesized for the use in dye-sensitized solar é&ksd -~ 7 7" Ho,

core-shell wires of Ge-Si with a small type Il band -1
alignment have been used for field effect transistérs. - o
Although most coreshell wires reported are still relatively L —L

large (100 nm), the sizes of GeSi wires have reached Figure 2. Energy diagrams of bulk semiconductors GaN, GaP,

the quantum region (with a diameter .around 15 nm). zno, and ZnTe and the chemical reaction potential energies®f H
Nevertheless, there have been a few studies on type t-core Solid lines indicate the band edge energies (the conduction band

shell quantum dots (e.g., CdF€dSe and CdSeZnTe or minimum and valence band maximum) with natural lattice con-
ZnTe—CdSe), in which the interesting effects of charge stants, dashed lines with average lattice constants between GaN
. : and GaP or between ZnO and ZnTe.

separation have indeed been observett.

There are apparently a large number of electronic structure
calculations for semiconductor quantum dots and single diagrams for two prototype systems in their natural and
component nanowires (e.g., for various-NV and II-VI average lattice constants. Such a type Il combination has
wires'9), but far fewer on coreshell nanowires (e.g., for  been found to result in a number of unusual effects in a
Si—Ge?). Because of the small type Il alignment of the-Si  seemingly unrelated field of semiconductor research, i.e.,
Ge systend! the electronic structures of SGe core-shell isoelectronic doping, because even an extremely small cluster
nanowires can be largely understood within the framework of one component embedded in a bulk of the other
of quantum confinemer’f. We show that the physical componentis capable of forming a bound state. For instance,
properties change drastically for the ceshell wires involv- a single N (O) atom has a bound state in bulk GaP (ZiATe),
ing components with large type Il band alignments: for which represents the smallest possible (type II) quantum
example, GaN-GaP(0.56/1.71), GaNGaAs(0.2/2.18), Zn© dot2* The type Il core-shell nanowires are expected to
ZnTe(1.21/2.26), Zn©ZnSe(1.0/1.53), and Zn&ZnS(1.54/ provide a band gap tunable range far exceeding that
1.0)22 where the numbers given in the parentheses are theobtainable with the conventional approach of alloying the
energies (in eV) of the conduction band minimum (CBM) same two binaries. Although the upper limit will still be close
and valence band maximum (VBM) of the second component to that of the larger band gap componen8.4—3.5 eV for
measured with respect to those of the CBM and VBM, GaN and ZnO, the lower limit could be substantially lower
respectively, of the first component. Figure 2 depicts the band than that of the lower band gap component. The lower limit

Energy (eV)
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can be estimated to lg"" = CBM; — VBM + tr(e1) Dcs, GaN-GaP), and of the core and shelRv/13/2a(x)(~26 A
— tr(e2) Dvg,, where CBM is the lower of CBM'’s and VBM for GaN—-GaP), whera(X) is the lattice constant determined
the higher of the VBM's of the two componenS¢g, and by Vegard's law. Note that the coreshell wire does not
Dys, are hydrostatic deformation potentials for the CBM have cylindrical symmetry, but is faceted with, symmetry,
and VBM, respectively, and te] is the trace of the  as shown in Figure 1b, reflecting the atomistic nature in the
hydrostatic strain. Note that this serves only as a very roughnano region. The calculation is performed in a supercell
estimate, because in the cetghell wire the atomic de- approach using a hexagonal cell with the edges aloh@][1
fomation is neither hydrostatic nor uniform. We define the and [011], respectively, and a sufficient cell size (such that
composition of the coreshell wire to bex = Neord (Neore + the distance between the nearest atoms of the adjacent wires
Nshel), WhereNgore andNshe are, respectively, the total number is >10 A) to ensure the band gap energy is converged to
of atoms in the core and shell. At= 0.5, we have these  within 10 meV. For the particular structure mentioned above,
rough estimates:Ej" (GaN-GaP) = 0.87 eV andEj" the length of the edge isvR®ac.n The Brillouin zone
(ZnO—ZnTe)=0.95 eV, using Vegard's law for estimating integration is performed using the Monkhost-Pack special
lattice constants and calculated deformation poterifidlae k-points scheme with a mesh ofl 1 x 4. A 35 Ry kinetic
exact band gap will be determined by the combined effects energy cutoff is used for the plane-wave expansion. The
of quantum confinement, composition, lattice relaxation, and eigenvalues are converged to 1610™° eV. The Ga
interface polarization. For instance, for a P-rich GaBaP pseudopotential is generated with a nonlocal core correction
wire, the actually calculated band gap could be lowered even(i.e., the 3d states are not included in the valence electrons).
to below 0.5 eV, reaching the spectral range appropriate for After the electron charge density of the system is obtained
thermal photovoltaics where very few practical options are by a total energy calculation, empirical corrections to the
available. nonlocal pseudopotentials of Ga, P, and N atoms are
To design a coaxial nanowire that meets the specific introduced to correct the LDA errors in the bandgaps of the
requirements for the intended application and understandtwo binaries, as described in ref 29. The bandgaps aXthe
quantitatively its electronic properties, we have performed L, andT" points before (after) the corrections are for GaP
first-principles pseudopotential density function calculations, Egx = 1.524 (2.350) eVEy = 1.621 (2.716) eV, anlyr =
within the local-density approximation (LDA), using a plane- 1.757 (2.887) eV, and for GaNggr = 1.888 (3.301) eV,
wave code named PEt®tNorm-conserving pseudopotentials Egx = 3.292 (4.676) eV, an&y = 4.677 (6.271) eV. The
are used. The results on prototype structures based on zinccorrected values are typically within a few tens of millielec-
blende GaN and GaP (with either of them as the core) will tronvolts of the experimental values. Such corrections are
be presented and discussed, although qualitatively similarparticularly important for the coreshell structure, because
results have also been obtained for wurizite andMi the LDA errors are quite different for the two components.
materials (e.g., ZnO and ZnSe). The GaBaP or GaP Using the same procedure, we have recently investigated
GaN core-shell nanowires are constructed with the wire axis small clusters of GaN embedded in G&8Pwhere the
along the zinc-blende[111] direction. The atomic positions calculated binding energy of the single N impurity is found
in the structure are relaxed by a valence-force-field (VFF) to agree with the experimental result to within 10 meV,
method’ that minimizes the elastic energy due to the lattice despite the use of an approximate total charge density
mismatch of the two components. The VFF parameters areassembled by a charge patching schéme.
derived from elastic constants of the relevant binaries (GaP, Figure 3 shows the charge distributions (the squares of
o = 46.2 andp = 10.7; GaN,a = 85.0 ands = 15.9). the wavefunctions) for the CBM and VBM in GaNGaP
Although there is generally a strong lattice distortion after and GaP-GaN core-shell wires for the structures described
relaxation, due to the relatively large lattice mismatch, the above. For the GaNGaP wire, as shown in Figure 3a, the
4-fold atomic coordination is retained for the structures electron is largely localized in the GaN core, whereas the
explicitly calculated in this work. The wire surface is hole is confined to the GaP shell, although there is a small
passivated by pseudohydrogen atéhts shift the surface  overlapping near the coreshell interface. The band gap of
states far away from the fundamental band gap of the primarythis GaN-GaP wire is 1.223 eV (compared IES“” ~
interest of this work. This practice mimics an optimized —0.24 eV). For the reversed GaiBaN wire, as shown in
passivation that could be achieved experimentélor the- Figure 3b, the electron is largely confined to the GaN shell,
[111] nanowire, there are equal number of the cation and whereas the hole is now localized in the GaP core, which is
anion surface atoms with either one or two dangling bonds. the exact opposite of the former. The band gap of this-GaP
The bond length between the pseudo-H and the surface atonGaN wire is 1.207 eV (compared Eg“"‘ ~ 1.4 eV), which
is typically set to one-half of that in the bulR.Although turns out to be practically the same as the former, although
different core-shell structures have been calculated, we will such agreement is not always expected between the reversed
illustrate the design principles primarily with the numerical structures. However, this does provide the leverage to select
results of one particular structure with 8 atomic shells in the the structure based on the specific consideration of an
core region oNcore = 110 atoms/period, 10 atomic shells in  intended application. The separation of the electron and hole

the shell region orNspey = 192 atoms/period, and 90 bears a close similarity to that in a conventional coaxial cable,
pseudo-H atoms. The diameter of the core (determined byespecially for the low-frequency signal, except that in a
the outermost atomic shell) is-2v13/6a(x)(~15 A for “quantum coaxial cable” the insulating spacer is not needed.
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Figure 3. Cross-section views of charge distributions of the CBM electron state (cyan) and VBM hole state (green)-ishebre
nanowires: (a) GaN(core)GaP(shell); (b) GaP(core)caN(shell). The color codes for the atoms are the same as in Figure 1b.

The small residual electrerhole overlapping is expected dye used in a dye-sensitized solar cell. However, it eliminates
to yield a significantly prolonged carrier lifetime, compared the use of typically less stable organic molecules. Further-
to that in a single-component nanowire, as has beenmore, the coreshell wire can shift the absorption threshold
demonstrated for coreshell quantum dot¥. Concomitantly, to as low as~1.22 eV of the fundamental band gap, thus
it is the small overlapping that preserves finite absorption at enabling much more efficient collection of the solar spec-
the fundamental band gap, which has been utilized in the trum. The subband levels are usually more closely spaced

core—shell quantum dots for biomedical imagitfgThe in the valence band, and their band edge states remain
degree of overlapping is tunable by adjusting both the overall confined to the shell at least up to the fourth subband. In

wire size N = Ngore + Nspen and the ratioNgordNspen t0 fact, there is a secondary band gap of 1.275 eV, correspond-
accommodate a particular application. For a G&aP ing to the transition from the double degenerate second

core—shell wire with a substantially larger GaP shélkye valence band state at tiiepoint (VB2I') to the CBM. And
= 888 atoms/period or outer diamete2v'133/&(X) ~ 49 typically the dipole transition matrix element of VB2—
A) but the same size GaN core, we have used the charge-CBM is much stronger than that of VBM- CBM. The very
patching methot# to get an estimate for its band gap, which effective electron and hole separation in this system, which
yields a band gap of 0.588 eV. The actual band gap couldis expected to remain so even at room temperature or higher,
very likely be below 0.5 eV, because this approximate is obviously benefited from the large band edge energy
approach does not adequately treat the interface polarizationmismatches between GaN and GaP. Figure 4 display cross-
and, thus, tends to overestimate the band gap for thecore sectional views of the integrated charge distributions over
shell structure with a large lattice mismatch. the wire period for the first three subbands of both conduction
Next we examine the interesting behavior of higher and valence band. Reflecting the atomistic symmetry of the
subbands that are also practically important. For the GaN structure, the wavefunctions do not exhibit cylindrical
GaP wire, the second conduction band atlthmint (CBX), symmetry.
at 0.616 eV above the CBM, is a doublet whose wavefunc-  Although the core-shell arrangement of GaNGaP or
tion remains localized in the core. Thus, the CBM and CB2 ZnO—ZnSe is appropriate for a “semiconductor sensitized”
are states primarily derived from the GaN conduction band. solar cell, it is appropriate to adopt the reversed arrangement
The splitting can be understood as a result of crystal field such as GaPGaN for H, generation via photoelectrochemi-
splitting of the folded GaN conduction band states. The third cal water splitting for two considerations: (1) easier injecting
conduction band at thE point (CB3"), at 0.740 eV above electrons into the solution and (2) anti-corrosion. GaN would
the CBM, is a singlet whose wavefunction has become more be an excellent material for the intended application if not
spread in the shell than in the core, which could be loosely for its band gap being too large to capture the major part of
viewed as derived from the GaP conduction band. This statethe solar spectrur¥. GaPN alloy is an alternative material
is analogous to the LUMO (lowest unoccupied molecular being actively researched, because N incorporation has been
orbit) of dye molecules that coat around a high band gap found to not only lower the band gap, but also improve the
semiconductor in an intuitive picture of a dye-sensitized solar stability 33 However, the VBM of GaPN remains300 meV
cell2*3where the optical excitation from the HOMO (highest too high, and the stability is not satisfactory. In addition, an
occupied molecular orbit) to the LUMO is generally con- intrinsic limitation of the GaPN alloy is its poor carrier
sidered to be responsible for generating electrons and holesconductivity due to the formation of N cluster statésA
For the GaN-GaP core-shell wire, the corresponding GaP-GaN core-shell wire can simultaneously overcome
transition energy of the “sensitizer”, the GaP shell, will then these major limitations. For the GalBaN wire, CBT" is
be 1.961 eV, which is actually very similar to that of a typical also a doublet, located at 40 meV above the CBM and
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Figure 4. Cross-section views of integrated charge distributions over the wire period for & GaR core-shell nanowire. The scale of
each frame is 7.70 nm (widthy 6.67 nm (height).

remaining in the shell region. The VB2 a doublet, is at  have the coreshell nanowire doped. Even though for the
0.354 eV below the VBM and strongly confined to the GaP hydrogen generation case, p-type doping is usually desirable
core. The fundamental band gap of this prototype structure, for driving the electrons to the sureface, in the cesiell
1.207 eV, is in fact very close to the energy needed for water structure, the spontaneous charge separation has already
splitting, 1.23 eV, although this could be a little too small produced such effect or an effective radiatm junction.
in practice, so structural fine-tuning might be necessary. For Nevertheless, doping the cershell nanowire may provide
instance, by increasing GaN shell to 264 atoms/period while further flexibility in the device design. All these materials
keeping the same GaP core, the fundamental band gap will(GaN, GaP, ZnO, ZnSe) are known to be easily made n-type,
raise to 1.452 eV. and the small gap materials are also easily made p-type. A

For application to the traditional solid state solar cell, one quantitative understanding of the doping in such nanowires
could envision adopting a somewhat simplified structure, that is of great interest and importance for future studies.
is, to have for instance GaN nanowires embedded in a GaP Besides those practical and important renewable energy
matrix. Our calculation (via the charge patching method) has applications discussed above, being a unusual type of quasi
indicated that the fundamental band gap of such an embeddene-dimensional system, quantum coaxial wires are expected
structure, where the GaN regions behaves as an “anti-wire”to open up new avenues for studying novel physics and
for the hole, is comparable although somewhat smaller thanmaterial sciences in reduced dimensionality, including
that of the core-shell structure with the similar composition  electronic conductivity, electrerhole correlation, spintron-
ratio. The general consideration here is to keep the funda-ics, and ferroelectricity. Beyond the renewable energy
mental band gap close to that corresponding to the optimizedapplications, they could have numerous other exciting appli-
open-circuit voltage, but facilitate maximum electremole cations ranging from quantum computing to nanoelectronics.
separation and, thus, minimize radiative recombination loss,
and concurrently introduce a secondary nearby band gap that Acknowledgment. We thank Dr. John Pern of NCPV
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