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ABSTRACT
We report on remote p-type doping of InAs nanowires by a p-doped InP shell grown epitaxially on the core nanowire. This approach addresses
the challenge of obtaining quantitative control of doping levels in nanowires grown by the vapor —liquid —solid (VLS) mechanism. Remote

doping of Ill =V nanowires is demonstrated here with the InAs/InP system. It is especially challenging to make p-type InAs wires because of
Fermi level pinning around 0.1 eV above the conduction band. We demonstrate that shielding with a p-doped InP shell compensates for the
built-in potential and donates free holes to the InAs core. Moreover, the off-current in field-effect devices can be reduced up to 6 orders of

magnitude. The effect of shielding critically depends on the thickness of the InP capping layer and the dopant concentration in the shell.

Semiconductor nanowir&s$ enable monolithic integration  the ionized impurities. This results in higher carrier mobilities
of 1l =V semiconductors onto group IV substrdtégo add as the strong scattering at ionized dopants in the channel is
new functionalities to the established silicon technology. For substantially reduced. Remote doping enables to predefine
appropriate operation of electronic devittke field-effect the amount and type of carriers in the conduction channel.
transistors (FETs) and opto-electronic components such asAnother method to create a high mobility carrier gas in
light-emitting diodes, quantitative control of impurity doping nanowires is radial band structure engineering. It has been
levels is required. So far, p-type as well as n-type doping of used in undoped core/shell nanowit&& However, the
nanowires has been demonstrated qualitatively for, e.§., Si, doping concentration cannot be controlled efficiently, and
GaAs? InP?1%and GaN:t*? band structure engineering is limited to material combinations
However, for nanowires grown via the vapdiguid—solid with suitable band alignments.
(VLS) mechanism at relatively low temperatures, it is not 14 gemonstrate remote doping inHV nanowires, we

known whether impurity atoms interact with the metal 15ye chosen to remotely dope InAs nanowires by a p-doped
particle and how they are incorporated into the semiconductor|\p ghey. It is challenging to p-dope InAs nanowires because
crystal. Furthermore, with decreasing nanowire diameter, the y¢ ¢\ -face Fermi level pinning around 0.1 eV above the

impurity ionization energy increases due to confinemétt. . quction band edge for p- and n-type doping. This leads
It has recently been showthat the nanowire growth mode to a surface electron inversion layer with a low sheet

can be switcheq from axial (VLS) to radial (film deposition) resistance of around k20 For 1.m long InAS nanowires
growj[h by an increase of the_grovvth tempergture. The with a diameter of 20 nm as we use here, this results in a
conditions for radial growth are similar to conventional layer resistance of only 17@. This surface leaking current causes
growth of bulk materials, for which the incorporation and a high off-current in field-effect transistor devices. The
activation of dopant atoms are well established. A possible surface Fermi level pinning effect becomes more dominant
way 1o pbtain control of doping levels in nanowires is to for thin nanowires because of the long radial shielding
§ynthe3|ze core/shell structures, where the dopant atoms ar(?engths of the surface built-in potential. The shielding length
in the shell that donates carriers to the undoped core, i.e., tocan casily exceed the nanowire radius and thus determines
remotely dope nanowiré§ Remote doping has been widely the Fermi level in the whole nanowife.So far, p-type
employed in heteroepitaxial layers to obtain high-mobility doping of InAs nanowires with a high em.ff ratio,has not

two-dimensional electron gas&sBecause of a conduction been reported. Here we demonstrate that we can effectivel
(valence) band offset between the semiconductors, the free b ) y

electrons (holes) fall into the energy well of the undoped Induce p-type dopmglln InAs core nanowires and reduce the
semiconductor. Thereby, they are spatially separated fromsurface curre_nt drastically. We have studied the gffect of the
InP shell thickness and acceptor concentration on the

* Corresponding author. E-mail: olaf.wunnicke@nxp.com. Telephone: conductance properties of the intrinsic InAs core.
0031-40-27-46289. Fax: 0031-40-27-43352. Current Adress: NXP Semi- The InAs core nanowires were synthesized on an InP-

conductors, Research, High Tech Campus 4, 5656 AE Eindhoven, The : .
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Figure 1. Electrical properties of bare p-doped InAs nanowires:
(a) shows thdV curves at different gate voltages and (b) shows
the transfer curve at 0.1 V source-drain voltage.
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Figure 2. Schematic radial band diagrams at zero gate voltages.
The valence Ky) and conductionEc) band edges relative to the

p-InAs nanowires, diethylzinc was used as p-type dopant atFermi energy &) are depicted. (a) Bare p-InAs nanowire. (b,c)

a molar fraction of 5x 1075 To obtain the core/shell
nanowires, the temperature was increased under At

to 500°C. Then the InP shell was deposited for 5 and 15
min by switching from AsH to PH, resulting in a shell

thickness of 7 and 20 nm, respectively. Diethylzinc was used

during InP shell growth at a molar fraction of 2 10
(N%) and 5 x 1075 (5N9). In the case of bulk growth
conditions,N% would result in a hole concentration of 3.5
x 108 cm3. Note that here the shell growth conditions differ
from ordinary bulk growth. The nanowires were transferred
onto a highly doped Si substrate provided with 130 nm dry
thermally grown Si@ acting as the back-gate dielectric.
Ti/Zn/Au contacts were defined by optical lithography and
lift-off. Subsequently, rapid thermal annealing was carried
out at 300°C for 30 s to highly dope the contact regions by
Zn indiffusion and to activate hydrogen passivated Zn in the
p-InP shelB? The channel length of the nanowire field-effect
transistor devices was varied between 0.5 andusm0 In
total, 60 nanowire field-effect transistor devices were

An i-InAs core nanowire capped with a p-doped InP shell. In (b),
the surface Fermi level pinning is not sufficiently shielded. (c) The
optimum shielding of the built-in potential due to surface Fermi
level pinning ¢,in) by the ionized acceptors in the sheflsfeid
and the valence band offset between InAs and BB

during the VLS growth. The gate effect is attributed to effects
inside the nanowire and not to barrier height switching at
the contacts as in common field-effect transistors. The
transfer curve of this device in Figure 1b clearly shows
ambipolar behavior. Furthermore, the transfer curve exhibits
a large hysteresis that is discussed in more detail in the
Supporting Information. At negative and zero gate voltages,
the nanowire conducts the current mainly via free holes in
the bulk of the nanowire. The current increase at positive
gate voltages is attributed to the surface current carried by
electrong? This current limits the onoff ratio (measured
atUg = £10 V) to typical values between 10 and 100. The
radial band bending of the bare p-doped InAs nanowire at
zero gate voltage is depicted schematically in Figure 2a. It

fabricated and characterized electrically at room temperature.shows that the Fermi level pinning determines the Fermi level

Figure l1a shows a typicdV characteristic of a bare
p-doped InAs nanowire at different gate voltages), The
two-point contact resistancesldg = —10 V are on the order

in a large portion of the nanowire. Importantly, the inversion
layer at the surface results in the high off-current and reduces

the on-current due to hole depletion at the surface.

of 1 MQ. Comparable resistances have been observed before A statistical overview of the transfer characteristics for

for thin n-type InAs nanowire3?3 The small asymmetry is

all measured devices is shown in Table 1. About 75% of

due to the different core thicknesses induced by tapering the bare p-doped InAs nanowires (first row) exhibit bipolar
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Table 1. Overview of the Measured Nanowire FETs

Na t behavior Ron [Q] Rorr [Q] on—off #

bare bipolar 106..107  106..108 10..100 15
NY 7nm  bipolar 107..10°  106..108 1..10 8
5Ng 7 nm bipolar 105..107  106..1010 10..100 15
Ng 20nm p 106..107 1010102 10%.10% 11
5]\/% 20nm p 105..10%  106..108 1..10 11

an the first and second column, the dopant concentrafiy) and the
thickness 1) of the p-InP shell is shown, respectively. The bare p-InAs
nanowires are directly impurity doped. The third column shows the transfer
curve behavior of the majority of devices. The fourth and fifth columns
give the range of source-drain resistances at gate voltaged®fv and
+10 V, respectively. The last two columns show the-off ratios and the
total number of measured devices.

A-B [nm]

behavior. The rest of the devices show p-type character with
low on—off ratios. The spread in the data, especially in the  (b)
off-currents, is explained by the tapered diameter of the InAs
nanowires from 20 to 40 nm. Recently, it has been reported
that the electron current in InAs nanowires with diameters
below 80 nm depends strongly on the diamét@ur results
show that it is not possible to induce p-type doping in thin,
uncapped InAs nanowires with a favorably high—aif
ratio >4

To remotely dope p-InAs wires and to suppress the surface
electron current, the core is capped with a p-doped InP shell.
A representative cross-sectional high-angle annular dark-field
(HAADF) transmission electron microscopy (TEM) as well
as a high-resolution TEM image of the InAs/InP core/shell
nanowire are shown in parts a and b of Figure 3, respectively.
In total, we have studied 20 NW cross-sections with TEM. Figure 3. Cross-section transmission electron microscopy (TEM)

; ; inq Study of a core/shell nanowire. In (a), an EDX scan is shown.
Ege)(ﬁ%rgrzcszgénsthhoewg'?ﬁa?lt:hgnli%\es ig?etuzscgrzjeizﬁqoqulrngf Inset: h_igh-angle annular_dark-field (HAADF) TEM picture with
. . . the position of the EDX line scan. Scale bar: 20 nm. In (b), a

around 20 nm and is capped with an InP shell of thicknesseshigh-resolution TEM picture of this core/shell nanowire is shown.
varying between 7 and 10 nm. Most probably this variation Scale bar: 10 nm.
is induced by the local nanowire density on the substrate
because the growth is diffusion-limited. The INAS/INP  forces the free holes in the p-InP shell toward the InAs core.
interface sharpness is below the lateral resolution of the EDX The pand offset between InP and InAs of around 0.4 eV
scan of around 3 nm. Furthermore, the shell exhibits a cgnfines the holes inside the InAs core nanowire. To
gradual transition from InAsP to InP due to Arsine carry- cgjculate the radial band bending, we assume cylindrical core/
over® after VLS growth of the InAs core. High-resolution  shell nanowires with an homogeneous ionized acceptor
TEM imaging (Figure 3b) shows that the structure is free of gjstripution in the shell and an undoped core nanowire. The
dislocations. The core grows in the wurtzite structure along gyrface defect density is assumed to be so high that the Fermi
the [0001] direction and has nonpolgt120} side facets.  |eyel is pinned at the defect levels. We have neglected the
This indicates that the gradual transition reduces the lattice ygng bending in the thin InAs core because the Debye length
strain for these mismatched materials. In addition, residual jg larger than the core radius. By solving the Laplace
strain can be relieved in the radial direction for these thin equation, a condition for optimum shielding of the surface
nanowires. built-in potential can be given by

Because the p-InP shell suffers from surface Fermi level
pinning as welP! the built-in potential must be shielded by 2
the ionized acceptors in the shell. The actual built-in potential eNE|1+ 1t 1t .= —2¢0€ Py 1)
(psnield that must be shielded for optimum shielding (see SR 4R
Figure 2c) is the built-in potential due to the surface Fermi
level pinning ¢pin) Minus the valence band offset between  Heret, N, ande, are the thickness, the dopant concentra-
InAs and InP Evg): €pshieid = €ppin — Evs. If not done tion, and the dielectric constant of the shéllis the radius
properly, the surface Fermi level pinning also leads to an of the core andRk >t is assumed in eq 1 because only then
electron inversion layer at the InAs/InP interface, as depicted an analytical solution can be derived. FRit — o, the bulk
schematically in Figure 2b. Furthermore, the band bending solution is obtained. Assuming a 20 nm thick p-InP shell on
as shown in Figure 2b,c creates a large electric field that a 20 nm diameter InAs core, a surface Fermi level pinning
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level of ¢pin = 1.2 V, and a valence band offset Bfs = (a) 2%10°
0.4 eV, the dopant concentration in the shell has to be 4

10 cm~2 for optimum shielding. At higher concentrations

or thicker shells, the built-in potential is compensated and, 1x10°-
in addition, free holes are donated to the i-InAs core. Here
the solution is obtained by solving the equations numerically 0
without using the assumptidR > t. Importantly, the effect j
of shielding depends linearly on the dopant concentration, —Ug=0

but quadratically on the thickness. Hence, control of the shell -1x10°%- — Ug=+10V |
thickness is essential for the use in remote doping. We have
studied remote doping using two different doping levels of " — Ug=-10V
N2 and 5\ as well as two different shell thicknesses of 7 '2"10_1 0 05 00 05 10

and 20 nm. Usp V]
When capping the i-InAs core nanowires fvé 7 nmthin (b)

p-InP shell with aNg dopant concentration, the surface
Fermi level pinning is only partially shielded by the ionized 104
Zn acceptors. This leads to a leaking current at the InAs/
InP interface as depicted in Figure 2b. The off-current (see 10°4
Table 1) at+10 V gate voltage is as high as for bare p-InAs
nanowires. By increasing the acceptor concentration in the E
thin shell to 5\|,‘1, the shielding effect of the ionized 104
acceptors is stronger, leading to a lower electron density at
the interface and thus a lower off-current. However, because 1074
of the variation in shell thickness, some devices with a thin
shell and a high dopant concentration show a very low off- 10 5 0 5 10
current of 101! A, indicating that the built-in potential is Ug V]

nearly compensated. As shown in eq 1, the shielding depends

guadratically on the shell thickness. This explains the much Figure 4. (a) IV curve and (b) transfer curve of a 20 nm diameter

larger spread in the off-currents compared to the on-currentsi-InAs nanowire capped with B3 p-doped 20 nm thick InP shell.
for these samples. ThelV curves are taken at differebks. The high current att)g =

0 V shows that the device is a normally on p-FET. Inset: SEM
image of nanowire FET. Scale bar: yin.

Isp [Al

USD=0.1V 3

The case of optimum shielding is achieved by capping
the i-InAs nanowires with a 20 nm thick p-InP shell with an
acceptor concentration cblﬁ. In Figure 4a, thdV charac- NWs is typically 16-30 times lower than that of bulk
teristic is shown. Because of the depleted InP shell, the two- InAs.282° Here we have determined numericaliyhe gate
point contact resistance has increased compared to bareapacitance of the back-gated core/shell nanowire FET. From
p-INAs nanowires. The transfer characteristic in Figure 4b the hole mobility and on-resistances, the hole density in the
shows p-type behavior with a typical on-current in the range i-InAs core is estimated to be -10° cm™3. Here a um
of 10 nA and an off-current below the noise level of our long and 20 nm diamter core nanowire is assumed. Note
measurement setup (0.1 pA). All of these core/shell nanowire that the measured mobility is reduced by hysteresis due to
FETs exhibited p-type behavior with a very high-auff ratio slow relaxation and shielding of the gate voltage (see
between 10 and 16. Compared with bare p-doped InAs Supporting Information). We strongly believe that the hole
nanowires, the off-current is up to 6 orders of magnitude mobility can be increased by passivating the InP surface and
lower whereas the on-current is only slightly affected. This by improving our nonoptimized core/shell nanowires. This
low off-current can only be achieved by effectively shielding can, for instance, be achieved by inserting an intrinsic InP
the donorlike surface defects by ionized Zn acceptors in the layer at the interface to separate the free holes from the
p-InP shell. The free holes are forced into the InAs nanowire ionized acceptors even more.
due to the electric field (band bending) inside the p-InP shell,  For wires with a thick p-InP shell and a\& p-doping,
as shown schematically in Figure 2b,c and calculated with the on-current exceeds that of the bare p-InAs nanowires,
eq 1. In the transfer curve of the capped nanowires, a largebut the orn-off ratio is drastically reduced (see Table 1). This
hysteresis is present which is believed to originate from water shows that we can highly p-dope the InAs core such that
dipoleg® (see fast gate-sweep measurements in the Support-depletion of the nanowires becomes difficult. However, we
ing Information). This effect is not shielded by the p-InP cannot exclude that, in this case, the current is also conducted
shell. From the fast gate-sweep measurements, the holgoartially via free holes in the p-InP shell.
mobility is estimated to around 20 é ! s, which is a We should note that, from these experiments, we cannot
factor of 5 lower than reported hole mobilities for bulk zinc- exclude the possibility of Zn diffusion through the core/shell
blende InAg but a factor of 2 higher than recently reported stucture during the deposition of the shell at higher temper-
hole mobilities of passivated bare p-InAs nanow#tas a atures®* However, from the strong reduction of the off-
comparison, the reported electron mobility in n-type InAs currents by capping the InAs core with a p-InP shell (see
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Table 1), we believe that the largest fraction of the Zn atoms

will stay inside the p-InP shell.
We have demonstrated remote doping ir-M semicon-
ductor nanowires by epitaxially capping intrinsic InAs wires

with a p-doped InP shell. Transport measurements show that
we induced p-type doping in InAs and that the hole concen-
tration in the InAs can be tuned by variation of the dopant
concentration and the thickness of the shell. Moreover, the
surface leakage current is effectively reduced by the capping,

resulting in a dramatic increase of the-ooff ratio.
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