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ABSTRACT

We have calculated the effects of quantum confinement on maximum achievable free carrier concentrations in semiconductor nanowires. Our
calculations are based on the amphoteric defect model, which describes the thermodynamic doping limit in semiconductors in terms of the
compensation of external dopants by native defects. We find that the generation of amphoteric native defects strongly limits maximum achievable
carrier concentrations for nanowires with small widths where quantum confinement is appreciable. The magnitude of this effect in a given
material is found to be determined by two material properties: the effective mass of the free carriers, and the position of the conduction
(n-type) or valence band (p-type) edge on the absolute energy scale. These results offer a simple, predictive guideline for designing nanostructure
devices and contacts where high doping levels are needed.

Semiconductors with electron confinement offer a distinct defects. The amphoteric defect model (AD¥onsiders
way to study electrical and thermal transport phenomena asthe fact that the formation energy of charged native defects,
a function of dimensionality and size reduction. Quasi-one- such as vacancies and antisites, depends linearly on the Fermi
dimensional (1D) semiconductors are also promising candi- level (E) in the crystal. In heavily damaged materials with
dates for integration of novel electrohfcand photonig high defect concentrations, it was discovered that the Fermi
circuits. The wide range of demonstrated and potential appli- level always evolves toward the same energy value, known
cations has made semiconductor nanowires a growing focusas the Fermi stabilization energ¥#).* In all materials,

of research in recent years. Successful realization of some ofincluding those without high defect concentrations, the farther
these applications requires high carrier concentrations to allowE: moves away fronEgs by extrinsic doping, the lower the
for sufficient conductivity and/or Fermi level displacement. energy barrier is for the system to generate native defects
Unfortunately, many semiconductors are notoriously difficult that act to compensate the extrinsic dopants. That is, native
to dope even in bulk forri For example, reliable and well-  defects are generated in semiconductor materials in response
controlled p-type doping of ZnO and InN has not been to extrinsic doping so as to pulE: back toward Es.
experimentally demonstrated. Using local density approxi- Depending on whethe is above or belovErs, acceptor-
mation calculations, it has been theoretically predicted that or donor-like native defects are predominant, giving these
in GaAs quantum dots, the quantum confinement effect tendsdefects their amphoteric character. The net effect is that it
to stabilize the deep defect, the DX center, and consequentlyis increasingly difficult to movés away fromEes by adding
makes extrinsic doping less effective than in the Bulkis external dopants, as the dopants will be more easily
is corroborated experimentally with a lack of reported high compensated by native defects. In equilibrium conditions,
doping levels in semiconductor nanostructures. It is, there- gfter significant external dopindgr eventually saturates at
fore, of great importance to understand and predict the n- 5 |imit value Er_imt) away from Egs. At this point, the
and p-type doping limits of semiconductor nanostructures formation energy for native defects is sufficiently low so
in terms of their fundamental material parameters. that any additional dopants will be fully compensated. This

Doping limits in various bulk semiconductors are well jmposes an effective, thermodynamic limitEe and hence
explained by the amphoteric nature of compensating nativethe free carrier concentrations.
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strongly localized defects remains relatively constant under

~ 31 these external stimut? The insensitivity to local band
< I I I l B extrema of transition metal impurity levels has been used to
@ 41 B I determine the band offsets in HV and 11-VI compound§

2 E.. and the band edge deformation potentials in GaAs and3inP.
§ -5 These distinctly different sensitivities of shallow and local-
o - ized defect levels also hold true in the case of quantum
g 6 L confinemenf. When size is reduced in semiconductor
hat nanostructures, the density of states (DOS) is restructured
§ 74 I I and the energies of allowed states shift upward from the
o X original Ec (for n-type) or downward frontey (for p-type);

% 8 - ' however, the Fermi stabilization energy and the Fermi level
w l limits remain unchangeddue to their origination from

strongly localized defects with a spatial extensiera(few
atoms) much smaller than the spatial confinement of the
systen® Consequently, the maximum achievable carrier
Figure 1. Band offsets anders for the eight semiconductors  concentration is suppressed with size reduction. In this paper,
studied. Red and blue bins represent the conduction and valencge calculate the effect of guantum confinement on the doping

bands, respectively. Black bars within bands repre&gnty;; in . . . .
bulk obtained from literature values of maximum carrier concentra- limit of semiconductor nanowires in the context of the ADM,

tions for electrons and holes. For n-InN and n-InAs, two bars were taking into account the relatively constant positionsEgd
shown, corresponding to calculatEd i using parabolic (upper  and Er—jimir With quantum confinement. We assume a full

bar) and nonparabolic (lower bar) conduction band dispersion, passivation of surface states, such that surface Fermi level

respectively. Reported electron concentrations for Si, Ge, GaAs, i i~ i ;
GaIF\)l ZnO yInN F()ZdSe and InAs were obtained from refs 11, 13 plnnlng is absent anfir is constant throughout the nanow-

15, 17, 18, 19, 20, and 21, respectively. Reported hole concentra-ie**
tions for Si, Ge, and GaAs were obtained from refs 12, 14, and 16, Free carriers in nanowires are confined in the cross-
respectively. sectional dimensionsx(and y), allowing only one free
dimension £) and making nanowires a quasi-1D system. We
material or dopant species. This is due to the fact that the model this confinement using envelope wavefunctions in the
amphoteric native defects are strongly localized in real space,framework of the effective mass theddignoring the facet
similar to the universally aligned transition metal defect difference of various semiconductor nanowires, the confine-
levels®® Their wavefunctions irk-space thus sample the ment in the x,y) plane is approximated by an infinitely deep
entire Brillouin zone, leading to an energy level that is square well with widtha. The 1D density of states (per

determined by regions with a large density of states, and isyolume) for a single valley in the band structure is the sum
insensitive to the band edges of the host, which have a smalloyer multiple confinement subbands

density of states. This universal alignmentkt is shown

in Figure 1, together with the natural band edge offsets of
various semiconductors investigated in this sttidiize strong 1
doping disparity in these semiconductors is explained by the p'P(E) = %
large asymmetry of their conduction band edge)(and ha® R,
valence band edgde() with respect toEgs. For example,
p-type doping is difficult in GaN, ZnO, and InN because
their Ey is far belowEgs, while InAs and InN° have a strong
propensity toward n-type character becattse is located

Si Ge GaAs GaN ZnO InN CdSe InAs

1)

whereE, is Ec (for n-type) orEy (for p-type), andr is the
effective mass of carriers along the nanowire length direction.

above theitEc instead of in their band gap. Also shown in Enay, B hzﬂz(Ni + Ni)/Znﬁyaz IS _the quantized energy level,
Figure 1 are the positions &_m; back-calculated using ~@ndMy is the eifecuve mass irx(y) plane, which can be
maximum reported electron or hole concentrations in bulk différent frommy, (for n-type indirect band gap semicon-
materials grown by equilibrium methods2! In n-type InAs QUctors such as Si gnd Ge). The quantization of the energy
and InN, Er_im is located deep into the conduction band N (xy) plane gives rise to van Hove singularities in the DOS
such that the strongly nonparabolic part of the conduction corresponding to the onset of sequential confinement levels.
band is populatetf.In Figure 1, we show the range Bf_jmi In Figure 2, the DOS is plotted for GaAs with two different
back-calculated for n-type InN and InAs, where the lower nanowire widths and compared to the standard 3D DOS. As
bar corresponds tBe_imi for the nonparabolic conduction ~ the nanowire dimensions increase to ow&0 nm, the 1D
band, and the upper bar & jmi when the band is DOS begins to merge with the 3D DOS as expected.
approximated by a parabolic dispersion with electron effec- The maximum achievable carrier concentration is obtained

tive mass equal to the masskd. by integrating the 1D DOS shown in eq 1 frdbv= Ey to
Upon hydrostatic pressure or isoelectronic alloying, shal- Er—imit. The sum in eq 1 runs fronN\(,N,) = (1,1) to the
low dopant levels closely follow the movement B (for subband ofi,Ny) given byEo + Exn, < Er—iimit- As all the

donors) orEy (for acceptors). In contrast, the energy of materials investigated ha¥&_ji,;; far from Eo (much more
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Energy (eV) trations in various semiconductor nanowires as a function of
b e nanowire widtha.
P 4 b) —— 1D 5nmhh. | |
E ' —— 1D 50nm h.h. ment. The fine features in the curves at very small widths
- 3L o gg :’r?tal . reflect single subbands moving acrdss.imt and causing
:3; _____ 3D h.h. sharp rises in the total carrier concentration. At large
‘;’ 2.5 3Ds.o. 7] nanowire widths, the maximum achievable carrier concentra-
o 2 tions quickly approach bulk values. It should be noted,
g however, that parts a and b of Figure 3 are plots of theoretical
s 1.5 limits to carrier concentrations calculated in this model.
> 1 Experimentally reported carrier concentrations can be sub-
" stantially lower than these limits for mainly two reasons.
S 05 First, during growth, most nanowires are not intentionally
& 0 S s doped up to their maximum limit. Second, this model
0 0.1 02 03 04 05 assumes complete passivation of surface states so &g for

Energy (eV) to be displaced solely by doping. When this condition is not

- X onedi onal conduction band DOS for GaA fulfilled, Er can be pinned by surface states, resulting in
ljgure 2. (& ne-dimension n on n r i H i F~
nz;'{:]nowires(o12 wid?hs 2(?&1?18 Z%OC%m L[I)(I:ot?ed farlom the coc;]ductiosn additional do_pmg |neﬁ|C|ehcy. .We perfprmed a survey .Of
band edge t&s_imi (1.705 V). Three-dimensional DOS is also reported carrier concentrations in nanowires, and the obtained
shown. (b) One-dimensional valence band DOS for nanowires of values are all within the limits shown in Figure 3. These
Wri]dths 5Dand't50 ?mt iom}oaredhto 3DhD|C15|r_ﬁantn r$0|-167 t(?jV) il-?»t ; include, for examplep = 10%¥—10° cm™2 in GaN with a
snown. bensity ot states firom neavy-nole, 1 -nole, and split-0 H — 7
bands are sepgrately shown for 3D.yThe tota?l valence bandpDOS isdlai}?ter of 67'nm rgported by Huang et'éin = 2 x 10°
dominated by the heavy-hole band. cm~3in InAs with a diameter of 80 nm reported by Bryllert
_ etal.? n=7 x 10" cm3in ZnO with a diameter of 42.5
thanksT = 26 me_V away), the temperature br_oadenlng Was nm reported by Yun et a’,andp = 10'8 cm~2 in Si with
safely neglected in the total carrier concentration calculation. 5 yiameter of 15 nm reported by Cui et?al.
For tetrahedrally structured semiconductors, the valence band i ) i
DOS is a sum of the DOS from heavy-hole, light-hole, and _ We note that 'Fhe rate at which the carrle_r concentration
split-off bands with distinct effective masses. As shown in limit is reduced is not the same for all semiconductors. A
Figure 2b, the total valence band DOS for the 3D case is characteristic wire widtha) can be defined as the width at
dominated by the heavy-hole band, which has the greatestWhiCh the 1D carrier concentration limit equals half of the
effective mass. Also, for n-type indirect-band gap Si and Ge, maximum bulk carrier concentration. It can be shown from
multiple conduction band valleys were taken into account €d 1 that the ratio of 1D to 3D doping limits is given by the
by including a multiplicative degeneracy factor in eq 1.  following dimensionless expression,
Figure 3 shows the dependence of maximum achievable

carrier concentratiomfm, or pim) on the nanowire width for niD
the semiconductors investigated. This maximum achievable fimit _ E £ /1 _ §-(N2 + Nz) @)
carrier concentration is strongly suppressed when the nano- nﬁn?n T %y X y
wire width is below ~20 nm, typical of semiconductor
nanowires grown by the vapeliquid—solid approach. There
is an onset width below which the carrier concentration is Where& = (A%7%/2m{ 22)/|Er—imt — Eo| < 2. Therefore, it
zero. This onset corresponds to the width where the groundis seen that the characteristicthat makes the ratio in eq 2
level (Ey1y) is raised beyontr—iimi: by the quantum confine-  be 0.5 obeys a scaling law as
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Figure 4 clearly shows this linear dependence for the
various n- and p-type semiconductors, whaygas numeri- o r
cally determined from the curves in Figure 3. In this plot, E 156 -
the nonparabolicity of the conduction band of InN and InAs ~
is expected not to chang® for n-InN andn-InAs, as the S i Gahs
increase irm’(“y will be fully compensated by the reduction 10 ]Cdje_/ '
of |Er—imit — Eol in eq 3. In addition, for p-type semiconduc- [
tors under strong quantum confinement, the heavy- and light- 5L s (h
hole effective masses undergo a “mass reversal” as well as - Ge[J”" GaN, ZnO
an overall change in their valuéslts effect on the total I InN
DOS (thus omim) that includes both heavy- and light-hole [ ) A N A T B BN W
bands, however, is relatively small (e.g., estimated to be 0 2 4 6 8 10 12 14 16
<20% for GaAs). Thig is begause the effect of a decrease in (m*xy]E .E l)-uz (eV’”z)
the heavy-hole mass is partially compensated by an increase F-limit 0
in the light-hole mas3: We estimated the resultant maximum Figure 4. Characteristic nanowire width, for electron (squares)

change ire. from Figure 3 and indicated the range by vertical bl (circles) doping as a function of conduction or valence band

bars in Figure 4. effective mass and relative Fermi level limit. Vertical bars indicate
According to eq 3 and Figure 4, the size effect on estimated range @ due to changes in hole effective mass caused

maximum achievable doping concentrations is therefore by quantum confinement. Heavy-hole masses were used for valence
determined by twanherentmaterial properties, namely the ~2and. and in-plane effective masses were used for the conduction
. - band of indirect semiconductors. The straight line is a guide to the
effective masses of free carriers, &t imi, measured from eye.
the conduction or valence band edges. The latter is loosely
a function of the band edge position alone because of the
relatively weak variation of thEr_;mit position over different
materials on the absolute energy scale (Figure 1). This picture
can be used as a simple guide in estimating the size effect
of doping limit in nanowires of various semiconductors and
semiconductor alloys. For example, in n-type narrow band

gap semiconductors such as InSb, a strkfpginteraction EEC-0425914. This work is also partially supported by the

leads to a small el_ectron eff_ecti\_/e_ mass0(02y); as a Director, Office of Science, Office of Basic Energy Sciences,
result, the suppression of doping limit should be readily seen Division of Materials Sciences and Engineering, of the U.S.

at relatively large nanowire diameters. F_or p-type doping in Department of Energy under contract no. DE-ACO3-
the alloy InGa N, the heavy-hole effective mass does not 76SE00098
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