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ABSTRACT

The impurity state responsible for current flow in zinc-doped indium phosphide nanowires is characterized through first-principles calculations

based on a real-space implementation of density functional theory and pseudopotentials. The binding energy of the acceptor state is predicted

to range from the value of the acceptor state in the bulk up to values of ~0.2 eV in the thinner nanowires as a result of the two-dimensional
quantum confinement. The location of the impurity atom within the nanomaterial is not found to play a prominent role in determining the
characteristic properties of the state. Our results show that, in thin nanowires, quantum confinement can move the defect level deep into the

energy gap.

The historical rates of improvement in productivity experi- Indium phosphide NWs (InP-NWs) are among the NWs
enced by the semiconductor industry during the last decadedor which very promising advances have been made. Energy
are based on a continued miniaturization of silicon-based band gaps and photoluminescence images and spectra of InP-
devices. However, existing materials and technologies areNWs have been determined experiment&fyDoped InP-
approaching their physical limits, which will soon prevent NWSs growth as p-type NWs are known to function as light-
the industry from reaching similar rates of improvement. emitting diodes and field electric transistors when assembled
Finding new materials and technologies adequate for thewith n-type NWs2° However, little is known about funda-
fabrication of highly integrated devices within the nanometer mental issues behind these findings. For example, the nature
regime would potentially overcome such limitations. Among of the electronic states that allow transport in the doped InP-
the materials probed for this application, semiconductor NWs are yet to be characterized. Are these states, often
nanowires (NWs) are of special interest. One-dimensional obtained by energy band engineering, spatially localized or
materials like NWs are nanostructured materials that can extended states? Also, how does quantum confinement affect
transport efficiently electrical carriers and optical excitations. the electronic properties? Answering these questions is not
NWs with controlled electrical and optical properties can only important from a fundamental point of view. It could
be synthesized from a wide variety of semiconductor species.also be relevant for designing future devices and applications
They have also been used as basis for working de¥iéss.  based on InP-NWs, as well as to improve current designs.
such, NWs are considered ideal building blocks for highly Here we address these issues by performing first-principles

integrated nanoscale electronics and optoelectronics. calculations on p-type doped InP-NWs. In particular, we find
that the presence of free carriers in the NW is limited by the
* Corresponding author. E-mail: alemanym@usc.es. effect of quantum confinement on the binding energy of the
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functional theory as implemented in the PARSEC cbtte. 2.0
this implementation, the KohnSham equations are solved
self-consistently on a rectangular three-dimensional real- E (theory)-E b lk(theory)
space grid within a supercell geomet@nly one parameter, g &.bu
the grid spacing, is necessary to control numerical conver- —~
gence. The core electrons are represented by norm-conser >
ing ab initio pseudopotentiafsThe local density approxi- ~
mation (LDA) is used for the exchange and correlation %‘
potential? Our approach is specially devised for the accurate fﬁ 1.0
study of large, complex systems with numerous degrees of[L]
freedom, and it is specifically targeted for the nanosdle. ',

Cylindrical models of InP-NWs are constructed from the e 0.5F
bulk oriented along the [111] direction of the zinc-blende
structure. In and P dangling bonds at the surface of the NW
are passivated using fictitious, hydrogen-like atoms with

1.5F F,.g(exp.)—Fg‘h”]k(exp.) ]

Eg(exp.)—l:'-g_bu]k(exp.)

fractional chargé? The passivation is performed in such a 0.0 ' .

way that no In or P atom is bonded to more than two 0 5 10 15 20
fictitious atoms. These model NWs are chosen to mimic .

experimental conditions. High-quality InP-NWs with nearly diameter (nm)

monodisperse diameter and crystalline core with axis direc- Figure 1. Energy gap of InP nanowires as obtained from theory

tion determined as [111] are grown from nanoparticle (ack squares) and experiment (red triangles, ref 3; green triangles,
catalysts*!! Surface states in experimentally obtained InP- ref 4). The energy gap of the bulk is chosen as reference. The data

NWs are made electronically inert by an amorphous coating from theory correspond to nanowires with diameters 0.96, 1.43,
Iayer.5~11 1.91, 2.39, 3.13, 3.92, and 5.17 nm.

One axis of the rectangular supercetakis) is aligned
parallel to the growth direction of the NWs. The length of 9aP° does not depend on the size of the NWs. The self-
the supercell in this dimension is chosen to keep the €Nergy correction taken from the bulkig0.4 eV, i.e., the
periodicity of the NWs. The primitive cell includes three theoretical bulk gap is 1.01 eV, whereas experiment is 1.42
InP layers along [111], having a side = V3a, with a eV. This §|tuat|on will Ilke_I)_/ change for sma}ller NWs. Recent
being the bulk lattice constaftThe size of the supercell in ~ omputations on small silicéhand germaniurit NWs have
the perpendicular directions is large enough to suppress the>1oWn that the self-energy correction increases monotonically
interactions between the NW and its periodic images. A With decreasing diameter of the NWs. This will give a
spacing of 0.52 au (1 a= 0.529 A) is used for constructing variation of the energy gap of.the_NWs with their size more
the real-space grid, and the sindlepoint is employed in pronounced than that ;hown in Figure 1. Energy levels that
sampling the Brillouin zone. INP-NWs are known to retain &€ valence-band derived are expected to be moderately
the direct-band character of the bulk, in according with affected by band gap corrections as discussed elsewhere.
previous theoretical resul8The ionic positions of the atoms ~ AS such, the LDA formalism is expected to be capable of
are not allowed to relax. Owing to weak interatomic forces properly describing acceptor impurity states.
obtained from this analysis, the effect of structural relaxation =~ We are interested in determining both the character and
on the NW electronic structure is expected to be small. This binding energies of the acceptor impurity states introduced
is in keeping with a recent first-principles study on germa- in the NW by a Zn impurity. The binding enerds, of a
nium NWs4 given impurity state is calculated as the position of the

The computed enhancement of the energy gap of the NWwsimpurity level with respect to the valence band maximum
with respect to the bulk energy gap is compared with (VBM) of the host material. The calculation of the latter level
experiment in Figure 1. Values corresponding to the relaxed often requires estimating the potential energy shift introduced
NWs are estimated to be within 0.01 eV from those reported Py the impurity. For a supercell geometry, the VBM is used
in Figure 1. Our results are consistent with previous first- S @ reference level, i.e., our calculationEsfis obtained
principles results performed within the LD We observe referenced to the VBM calculated for the impurity-free
a significant widening of the energy gap with decreasing size Supercelt? A common practice is to align the screened
of the NWs, indicating stronger quantum confinement in the Potentials obtained for the impurity-containing and impurity-
NWSs. Our results match experiment, although a careful free supercells in a region far from the impuriyln our
interpretation of the theoretical results should be carried out. Work, the alignment is performed after evaluating and
It is well-known that approaches based on the LDA averaging the potentials in the interstitial region of the NWs
underestimate the experimental energy gaps. For the sizedarthest from the impurity.
of the NWs where both theory and experiment overlap (see For Zn to be an electrically active acceptor in InP, it must
Figure 1), the self-energy correction to the KetBham band  reside substitutionally in a cation site: &nThe acceptor
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Figure 2. Charge density associated to one of the impurity states introduced in bulk InP and InP nanowires (InP-NWSs) by Zn doping as

obtained from our real-space first-principles approach (panet3:a(a) Triply degenerate acceptor state introduced in bulk InP. (b) Singly

degenerate acceptor state introduced in InP-NWs. (c) Doubly degenerate state introduced in InP-NWs. (d) Charge density associated to the

state determining the valence band maximum in InP-NWs. The charge density is plotted at the 25% of its maximum value-fdy. all (a

Gray (red) symbols stand for In(P) atoms. (Hydrogen-like atoms used to saturate dangling bonds in the NWs are not shown.) The wire

models of InP-NWs in (bd) correspond to the NW with diameter 0.96 nm.

state introduced in bulk InP by Zns measured to be very 0.2
shallow with a binding energy in the range of 0.63B055
eV.1®We have identified this state as a triply degenerate state
with t, symmetry. The state possesses anion p character, a:
depicted in Figure 2a. We note that this state is not highly

NW, d=0.96 nm

olla_o A A —A—A—A

localized, despite being mostly concentrated at the-Zn 0.0
bonds formed by the impurity atom and its nearest neighbors.
Significant contribution at other P sites exist. We can -0.1

extrapolate to the bulk limit by means of an exponentic®fit. 9
Using cubic supercells with sizes ranging from 64 to 2744 £
atoms gives a binding energy for this state of 0.034 eV. m‘° -0.2
The highly anisotropic nature of the nanowire breaks the
tetrahedral symmetry of the impurity potential and splits the -0.3
triply degenerate impurity state into singly and doubly
degenerate states. The singly degenerate state corresponc 04
to the charge density of the butk impurity state mainly
distributed along the axial direction of the NWs, i.e., along
the Zn—P bond aligned in the [111F z direction (Figure
2b). The doubly degenerate state accounts for the rest of the
charge density of the state, i.e., the charge density mostly -0.6
contained in the radial dimension of the NWs (Figure 2c).
Owing to the much stronger confinement it experiences, this
latter state has an energy level lower than the singly
degenerate state, i.é¢he acceptor stateBoth the acceptor  Figure 3. Binding energy of singly (up triangles) and doubly (down
level and the level corresponding to the VBM in the pure triangles) degenerate impurity states introduced in InP nanowires

; obtained for different sizek, of the supercells. Data correspond
NW (see Figure 2d) share the same symmetry Character’to nanowires (NWs) with different diametedtsThe binding energy

characteristic of anion ;pstates. As a consequence, the f the acceptor state introduced in bulk InP computed in the isolated
acceptor state exhibits some delocalization along the growthimpurity limit is also shown (dashed line). The inset represents a

direction of the NW. Zn-doped NW as studied within the supercell approach.
The proper location of the impurity levels in the host band
structure requires an estimate of impuriiynpurity inter- L,=n x +/3a, with n representing the number of primitive

actions. This can be done in a natural way within a supercell cells contained in the supercell. In the limit of large
approach, where one #Znimpurity is included in each  supercells, the system studied corresponds to that of an
supercell. In the simulated NWs, gimpurities are separated isolated Zm, impurity in the NWs.

by a distancd., along the growth direction of the NWs, as The binding energies of the impurity states computed for
illustrated in the inset of Figure 3. The effects derived from different sizes of the supercells are shown in Figure 3 for
impurity—impurity interactions can be evaluated by consid- the NWs with diameters 0.96 and 1.91 nm for both
ering supercells with differerit, sizes. The chosen sizes are nondegenerate (up triangles) and doubly degenerate (down
consistent with the structure of the NWSs, namely: triangles) impurity levels. The binding energy of the triply
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degenerate state (Figure 2a) computed from our theoreticalexperimentally (see Figure 1). We found the energy to be
approach in the bulk limit is also shown for comparison unfavorable if the impurity was displaced from the center
(0.034 eV, dashed line). The calculations for the thinnest of the NW toward the surface with the energy difference
NW studied, extended until convergence in the results wasincreasing with the diameter of the NW. We calculated the
attained, determine the singly and doubly degenerate levelsenergy required to displace the Zn for the NWs with
introduced by the isolated impurity to be located within the diameters 0.96, 1.43, and 1.91 nm to be 0.35, 0.43, and 0.48
band gap of the NW, 0.198 and 0.052 eV above its VBM, eV, respectively.

respectively. The trend shown in the figure for the wider  Our results serve not only to characterize the acceptor
NW is well defined: the difference in the positions between impurity state introduced experimentally in Zn-doped InP-
singly and doubly degenerate states decreases with increasinflWs, but also to predict the effects that the quantum
diameter of the NW. The states eventually merge to form confinement will have on this state. Figure 2b shows that
the bulk triply degenerate state. Our results show that the the nondegenerate acceptor state is mainly distributed along
binding energies decrease as the separation between impurithe unconfined dimension of the NW. Therefore, we do not
ties decreases, indicating the tendency of impurities to bond.expect any qualitative differences in our results for this state
Also, the variation of the binding energies is less pronounced when either one of the above two conditions is not satisfied.
for the wider NW than for the narrower. This is consistent To justify this prediction, we performed a number of tests.
with the fact that the impurity states are less extended alonglIn the first test, we placed the Znmpurity in the other two

the growth direction of the NWs in the wider NW. nonequivalent fourfold P-coordinated In sites of the 0.96 nm

The acceptor impurity state and the VBM state react NW. These sites correspond to the sites occupied by each
similarly to confinement as they have similar character. The ©f the three fourfold-coordinated In atoms of parts b and ¢
difference in their behavior as a function of confinement arise ©f Figure 2 located one and two layers away from the
from the higher localization of the impurity state (Figure 2b) impurity. Displacing the impurity from the center of the NW
with respect to the extended VBM state (Figure 2d). The results in the splitting of the 2-fold degenerate impurity
VBM is reduced in energy more rapidly than the impurity levels, following the reduced symmetry of the impurity
state as the diameter of the NWs decreases (the mordPotential along the radial dimension of the NW. The total
localized a level is, the less it is affected by confinement). €nergy of the doped NW increases when the symmetry is
The binding energy of the acceptor state will increase reduced. In general_, the total energy of the_doped system is
monotonically with decreasing diameter (or increasing found to be determined by the radial coordinate of the Zn
confinement) in the NW, having its maximum value at the impurity, the energy increases with increasing displacement.
thinner NW studied{0.2 eV). The situation is different for N the second test, we relaxed the ionic positions of the first
the doubly degenerate state. In this case, the binding energy?nd second neighbor atoms surrounding the impurity atom
of the impurity state is determined by two compensating Placed at the central position. T.he atomic relax_at|on lowers
mechanisms due to confinement: the high localization of the Ta symmetry of the impurity site to a trigonals,
the state, which will try to move the extended VBM state to Symmetry through the deformation of the three-zhbonds
a lower energy with respect to the impurity state, and its In the radial dimension of the NW, with the subsequent
radial character, which will produce the opposite effect. As |0Wering in energy of the twofold degenerate impurity state.
a result, the doubly degenerate impurity state in the thinner " @ll these tests, the position of the singly degenerate

NW takes almost the same position within the band gap as acceptor state agrees to better than 0.02 eV with the values
the impurity state in the bulk. reported in Figure 3 for the same supercells.

In summary, we studied Zn-doped InP-NWs using first-
principles calculations based on a real-space pseudopotential
approach. The acceptor state introduced in the NWs is
identified as a singly degenerate state with anion p character
aligned along the growth direction of the NW. The binding
energy of the state has been found to increase monotonically
with decreasing diameter of the NW as a result of the two-
dimensional confinement on the electronic states. A maxi-
mum binding energy 0f0.2 eV is predicted to be reached
fin the thinner NWSs. The properties characterizing the
acceptor impurity state are found to not depend significantly

The predicted increase in the binding energy of the
acceptor impurity state implies a limitation in the carrier
concentration of holes in the NW. In the thinner NWs, only
a small fraction of the impurities will ionize and contribute
to free carries. As such, the density of carriers is expected
to be low. This result is a consequence of the effect of
guantum confinement on the binding energy of the impurity
state, that is, it is a result inherent to the p-type doped NW.
Other factors limiting the density of free carriers in the NW
could be the presence of native defects and the clustering o
the _Zn impurities to form precipitates, which are not on the location of the Zp impurity within the host
considered here. ;

i i ) nanomaterial.
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