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S
emiconductor nanowires (NWs) have
been developed as a bottom-up tech-
nological platform for a variety of

electronic,1,2 photonic,3�5 and photo-
voltaic6�9 devices. Several of these technol-
ogies require modulation of the NW com-
position along the growth axis to form
heterostructures that are required for spe-
cific device functions. For instance, NWs
with n-type/intrinsic or p-type/intrinsic
junctions have been explored as field-
effect transistors, enabling both electronic
devices2,10,11 and sensors.12�14 Similarly,
NWs with p-type/n-type junctions have
been synthesized in Si,14�18 GaAs,17 InP,19

etc., and used for photovoltaic devices,15�17

avalanchephotodetectors,18 Esaki diodes,20,21

and light-emitting diodes.22,23 Nevertheless, it
is generally believed that heterostructures

formed by the vapor�liquid�solid (VLS)
process will have broad junctions with a
width approximately equal to the wire di-
ameter.24�26 Considering the wide-ranging
applications for NW heterostructures, it is
increasingly important to understand the
microscopic kinetic processes that govern
heterostructure formation and to develop
methods that overcome the limitations on
the transition width.
During the VLS process (Figure 1A),27,28 a

liquid droplet composed of metal and semi-
conductor is formed by supplying a vapor-
phase semiconductor precursor (e.g., SiH4

and GeH4) to a metal nanoparticle and
raising the local temperature above the
eutectic point for the two materials. When
the liquid droplet is supersaturated, which
typically requires semiconductor weight
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ABSTRACT Semiconductor nanowires (NWs) are often synthe-

sized by the vapor�liquid�solid (VLS) mechanism, a process in

which a liquid droplet;supplied with precursors in the vapor

phase;catalyzes the growth of a solid, crystalline NW. By changing

the supply of precursors, the NW composition can be altered as it

grows to create axial heterostructures, which are applicable to a

range of technologies. The abruptness of the heterojunction is

mediated by the liquid catalyst, which can act as a reservoir of material and impose a lower limit on the junction width. Here, we demonstrate that this

“reservoir effect” is not a fundamental limitation and can be suppressed by selection of specific VLS reaction conditions. For Au-catalyzed Si NWs doped with

P, we evaluate dopant profiles under a variety of synthetic conditions using a combination of elemental imaging with energy-dispersive X-ray spectroscopy

and dopant-dependent wet-chemical etching. We observe a diameter-dependent reservoir effect under most conditions. However, at sufficiently slow NW

growth rates (e250 nm/min) and low reactor pressures (e40 Torr), the dopant profiles are diameter independent and radially uniform with abrupt, sub-

10 nm axial transitions. A kinetic model of NW doping, including the microscopic processes of (1) P incorporation into the liquid catalyst, (2) P evaporation

from the catalyst, and (3) P crystallization in the Si NW, quantitatively explains the results and shows that suppression of the reservoir effect can be

achieved when P evaporation is much faster than P crystallization. We expect similar reaction conditions can be developed for other NW systems and will

facilitate the development of NW-based technologies that require uniform and abrupt heterostructures.
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fractions of 10�50%,29,30 a NWwill nucleate and grow.
Heterostructures are formed by altering the supply of
vapor-phase precursors during VLS growth. However,
the liquid droplet can act as a reservoir ofmaterial even
after a precursor has been removed, causing the
heterojunction to be broadened by a phenomena
termed the “reservoir effect”, as illustrated in
Figure 1B,C.31�33 This effect has been observed for
heterostructures involving a change in dopants
(e.g., P-doped Si34 and Si-doped GaAs35) and structures
involving a change in semiconductor (e.g., Si/Ge25,36,37

and GaAs/InAs38,39).
For group IV NWs, transition widths comparable to

the wire diameter have been observed for P dopant
transitions34 as well as junctions between Si and
Ge.25,36,37 Several strategies tomitigate this effect have
been developed. For example, metal catalysts with a
lower solubility of semiconductor in the liquid, such as
an Au1�xGax alloy,

24 can shorten the transition width.
Another alternative is to forego the VLS mechanism in
favor of a vapor�solid�solid (VSS) mechanism, in
which the metal catalyst is solid and has little to no
solubility with the semiconductor.29,31 The VSS growth
process has been successfully demonstrated for dop-
ant transitions in Au-catalyzed NWs12 and for Si/Ge
transitions in AuAl-catalyzed NWs.31 Although VSS
growth has been shown to produce near-atomic com-
positional transitions, the growth rate is slow, prevent-
ing application for many devices. For III�V NWs, the
reservoir effect has been observed for heterostructures
involving a change in dopant26 and a change in the
group III material.25 However, the effect is generally not
observed for a change in the group V material, which
has been attributed to the low solubility of group V
elements in the liquid catalyst.24 For structures in
which the group III material is changed, methods
such as pulsing the group III precursor have improved
the transition width, resulting, for example, in sharper
InAs/GaAs transitions.33 In this case, it is believed that Ga

reduces the solubility of In in the metal catalyst to
reduce the reservoir effect; however, a general strategy
for suppression of the effect has yet to be developed.
Here, we investigate the uniformity and abruptness

of P dopant transitions in Si NWs grown by the VLS
mechanism with Au catalysts. Transitions between
n-type and intrinsic sections of the Si NW are quantita-
tively evaluated by elemental mapping with ∼1 nm
spatial resolution using energy-dispersive X-ray spec-
troscopy (EDS) in a scanning transmission electron
microscope (STEM). Previous attempts to quantita-
tively resolve dopants in NWs have been hindered
by low signal-to-noise ratios and long acquisition
times;12,40 however, this problem is mitigated by the
simultaneous X-ray detection of four solid-state detec-
tors in conjunction with the high-brightness Schottky-
type field-emission gun of the STEM used in this work
(FEI Tecnai Osiris; seeMethods). The transitions are also
evaluated by wet-chemical etching of doped nano-
wires using the recently reported ENGRAVE (Encoded
Nanowire GRowth and Appearance through VLS and
Etching) process.41 We develop a kinetic model of NW
doping, which includes the microscopic processes
of (1) P incorporation into the liquid catalyst, (2) P
evaporation from the catalyst, and (3) P crystallization
in the Si NW. We find a VLS growth regime in which the
reservoir effect is fully suppressed because the rate of
P evaporation greatly exceeds the rate of P crystalliza-
tion. In this regime, NWs with diameters from 50 to
150 nm are encoded with abrupt and uniform dopant
transitions, as verified by high-resolution morphologies
encoded through the ENGRAVE process. The results
suggest that the reservoir effect can be suppressed for
anyVLSgrowth system inwhich the rate of liquid�vapor
equilibrium can greatly exceed the rate of NW growth.

RESULTS

Si NWs were synthesized in a hot-wall chemical
vapor deposition (CVD) reactor at 420 �C and a range
of total pressures (20�80 Torr) using SiH4 and PH3 as
the Si and P precursors, respectively, and H2 as the
carrier gas (seeMethods for further details). Calibration
of the NW growth rate, as described previously,28

enabled the growth of n-type and intrinsic sections
with precise axial lengths by modulating the flow of
PH3 for specific time intervals. EDS images in Figure 2A
for NWs grown at 20 Torr show strong P signals from
the doped sections and relatively abrupt transitions at
the n-type/intrinsic interfaces, which will be analyzed
in detail below. Wet-chemical etching of the NWs in
KOH solution leads to diameter modulation along the
axis, as shown by the scanning electron microscopy
(SEM) image in Figure 2A. The large diameter segments
correspond to the n-type sections, which act as an etch
stop as described previously for the ENGRAVE
process.41 As shown in Figure 2B, the EDS and SEM
diametermeasurements directly correlatewith the PH3

Figure 1. VLS NW growth and the reservoir effect. (A)
Illustration of the key kinetic processes during Si NW
growth: incorporation, evaporation, and crystallization. (B)
Schematic of the reservoir effect, showing (left) a supply of P
dopant precursor in the gas phase followed by (middle)
removal of the gas-phase precursor with retention of P by
the liquid catalyst and (right) subsequent depletion of P
dopants from the liquid catalyst. (C) Plot of dopant con-
centration along the axial length of the NW.

A
RTIC

LE



CHRISTESEN ET AL . VOL. 8 ’ NO. 11 ’ 11790–11798 ’ 2014

www.acsnano.org

11792

flow profile. Both measurements reflect dopant in-
corporation in the wire and are used to evaluate the
abruptness of the n-type/intrinsic junctions.
The doping level of the n-type sections was evalu-

ated using both quantitative EDS signal analysis and
single-NW resistivity measurements to determine the
chemical doping level (i.e., the density of P atoms) and
the active doping level (i.e., the density of ionized P
atoms), respectively. The nominal encoded doping
level, as determined by the vapor-phase ratio of PH3

to SiH4, ranged from 5� 1020 cm�3 (1:100 PH3:SiH4) to
1� 1019 cm�3 (1:5000 PH3:SiH4). As shown in Figure 2C,
EDS analysis (see Figure S1 for a representative fit of an
EDS spectrum) yielded chemical doping levels that
were ∼60% of the nominal encoded level. Resistivity
measurements, however, yielded active doping levels
(see Figure 2C) that were∼10%of the encoded doping
level (see Figure S2, Table S1, and Methods for details
on the resistivity measurements). The resistivity
measurements are in good agreement with previous
reports on NW doping with PH3.

42�44 However, a
comparison of the chemical and active doping level
measurements (right-hand axis of Figure 2C) indicates
that less than 13%of the dopants in the NWare ionized

and thus active for the highest doping levels, and less
than 30% are active at the lowest doping level.
Although donor deactivation has been reported in
silicon nanostructures as a result of dielectricmismatch
with the surrounding medium,45 the magnitude of the
deactivation determined here for NWs that are
∼100 nm in diameter is not well explained by this
effect. Instead, the deactivation is likely due to lattice
distortions and/or the formation of P dimers at the
relatively low temperature (420 �C) used for VLS
growth.46 The possibility to activate a larger fraction
of the dopants through postgrowth thermal annealing
will be investigated in future studies.
The uniformity of doping in the n-type sections was

evaluated with radial EDS scans for Si, P, Au, and O, as
shown in Figure 2D (see Figure S3 for additional details
on the radial scan). A plot of chemical doping level vs
radial position (see right-hand axis of Figure 2D) shows
an increase in the P concentration toward the outer
radial positions of the NW. An increasing P concentra-
tion toward the surface of theNW is in good agreement
with previous studies, which have reported a high
surface concentration of P due to vapor�solid (VS)
overcoating34,47 or fromother surface-related effects.48

Figure 2. Characterization of P doping in VLS-grown Si NWs. (A) Top: Schematic of a Si NWwith intrinsic (i) sections depicted
in red andP-doped, n-type (n) sections depicted ingreen.Middle: STEMEDS imageof a Si NWshowingP counts in green andSi
counts in red; scale bar, 200 nm. Bottom: SEM image of Si NW after wet-chemical KOH etching; scale bar, 200 nm. (B) Top: PH3

flowprofile (in units of standard cubic centimeters perminute, sccm) duringVLS growthof theNWs shown in panel A. Bottom:
Diameter profile (black curve and left-hand axis) derived from the SEM image in panel A and P signal (green curve and right-
hand axis) derived from the EDS image in panel A. (C) Active doping level from resistivity measurements (black circles) and
chemical doping level from EDSmeasurements (green squares) as a function of the encoded doping level, which corresponds
to the gas-phase ratio of P to Si. Literature values for active doping level from ref 42 are shown as red diamonds, and dashed
lines represent linearfits to the data. Blue line and right-hand axis show thepercentageof active dopants basedon the ratio of
active to chemical doping level. (D) Top: Chemical doping level as a function of radial position for a NWwith encoded doping
level of 5� 1020 cm�3. Bottom: Normalized EDS signals as a function of radial position for Si (black), P (green), Au (gold), andO
(light blue). Chemical doping level in the top panel is determined by the ratio of the P to Si EDS signals. All NWs shown in
panels A�D were grown with a SiH4 partial pressure of 0.4 Torr and a total pressure of 40 Torr.
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Here, the extent of VS overcoating is minimized by the
use of a relatively low VLS growth temperature, 420 �C,
which suppresses SiH4 decomposition on the NW side-
walls (see Figure S4). In addition, the region of higher
doping corresponds to the regionwith higher O counts
because of a native oxide on the wire surface. As a
result, we expect this region is readily removed when
wires are wet-chemically etched to remove the oxide,
so electronic devices and the ENGRAVE process41

should not be substantially affected by this layer. We
also note that the radial dependence of the P signal
may be overestimated as a result of spectral overlap of
an X-ray peak from Au with the peak from P because
the wires also show aggregation of Au on the wire
surface (see Figure S3).
High-resolution EDS and SEM imaging, as shown in

Figure 3A andB, was used to quantify the abruptness of
the n-type/intrinsic transitions. Line profiles generated
from vertical sectioning of the images are displayed in
Figure 3C. These profiles were fit to single-exponential
functions convoluted with a Gaussian (eq S1) to extract
the characteristic decay length, λ, of the transitions.
The Gaussian convolution represents experimental
broadening due to mass transport of etchant for SEM
images and represents the finite beam size for EDS
imaging (seeMethods for details). The fits (dashed lines
in Figure 3C) provide a reasonable representation of
the transition widths, and the SEM data are also
corrected (see Methods) for the exponential rela-
tionship41,49 between the etch rate and encoded dop-
ing level. This analysis yields a measured transition
length of 4 and 5 nm from the EDS and SEM data,
respectively, in Figure 3C, demonstrating the good
agreement between these two methods. The mea-
sured transition widths are substantially shorter than
previous reports,25,26 and we develop below a kinetic
model of NW doping in order to interpret the results.
Note that for n-type/intrinsic/n-type sections, there is
no apparent dependence of the transition width on
intrinsic segment length. Diameter profiles and SEM
images in Figure 3D and E show the same profile for
intrinsic segments 10 to 200 nm in length; however,
the smaller segments are etched to a lesser extent
presumably because mass transport to the etched
region is hindered by the small dimensions. In addition,
the first transition region (n-type/intrinsic) shows the
same abruptness (<10 nm) as the second transition
(intrinsic/n-type).

KINETIC MODELING AND ANALYSIS

We analyze P dopant incorporation in Si NWs using
the three microscopic kinetic processes depicted in
Figure 4A: P incorporation, P evaporation, and P crys-
tallization.50 By analyzing the rate equations, we can
construct a kinetic model of NW growth that predicts
the transition width for a set of physically reasonable
assumptions. First, we assume the engineering of the

CVD system, such as switching speed of the mass flow
controllers and rate of gas exchange in the system, has
no influence on the observed transition width, which is
verified by control growth studies (see Figure S5).
Second, we assume the NW growth rate is indepen-
dent of the concentration of vapor-phase PH3 or P
dissolved in the liquid, which is supported by our
previous studies of VLS growth kinetics.28 Third, we
assume that, prior to a transition, the dopant has
reached a steady-state concentration and is uniformly

Figure 3. Evaluating the abruptness of P dopant profiles in
Si NWs. (A) EDS image, showing P counts in green, for an
n-type/intrinsic/n-type wire with a ∼100 nm intrinsic sec-
tion; scale bar, 50 nm. (B) SEM image of a NW, grown under
the same conditions as in panel A, after wet-chemical KOH
etching; scale bar, 50 nm. (C) Top: PH3 flow profile (red
curve) in units of sccm for the n-type/intrinsic/n-type sec-
tions shown in panels A and B. Middle: Diameter profile
(black curve) derived from the SEM image in panel B and
best fit (red dashed line) to eq S1. Bottom: P counts (green
curve) derived from the EDS image in panel A and best fit
(red dashed line) to eq S1. (D) Normalized diameter profiles
for etched segments along a single NW corresponding
to intrinsic segments grown for (1) 6 s (red), (2) 15 s
(green), (3) 30 s (blue), and (4) 60 s (black). (E) SEM images
of the four segments corresponding to the diameter profiles
in panel D. All NWs shown in panels A�E were grownwith a
SiH4 partial pressure of 0.4 Torr and a total pressure of
40 Torr.

A
RTIC

LE



CHRISTESEN ET AL . VOL. 8 ’ NO. 11 ’ 11790–11798 ’ 2014

www.acsnano.org

11794

distributed in the liquid catalyst, which is confirmed by
the homogeneity of the P signal in Figure 2D. Note that
the kinetic analysis below is used to interpret the
transition width of n-type/intrinsic transitions but not
intrinsic/n-type transitions. For the latter transitions, in
which the n-type region is grown after the intrinsic
region, an abrupt, sub-10 nm transition is consistently
observed. We attribute this abruptness to a uniformly
high rate of P incorporation under all VLS growth
conditions.
For the kinetic analysis of n-type/intrinsic transitions,

we define the doping level, Nd, as the ratio of the
volumetric rate of P crystallization to volumetric rate of
Si crystallization:

Nd ¼ kPCCP(l)πr2ΩP

kSiCCSi(l)πr2ΩSi
� kPCCP(l)

kSiCCSi(l)
(1)

where kPC is the rate constant for P crystallization (units
of nm/s), kSiC is the rate constant for Si crystallization
(units of nm/s), CP(l) is the concentration of P in the
liquid catalyst, CSi(l) is the concentration of Si in the
liquid catalyst, r is the radius of the solid NW, and ΩSi

andΩP are the Si and P volumes per atom, respectively.
We also assumeΩSi≈ΩP, leading to the simplification
shown on the right-hand side of eq 1. During an
n-type/intrinsic transition, the dopant width is dictated
by the time-dependence of CP(l), which decreases as a

result of P crystallization and evaporation as

dCP(l)
dt

¼ �kPECP(l)S
V
� kPCCP(l)

A

V
(2)

where kPE is the rate constant for P evaporation (units
of nm/s), S is the liquid�vapor interfacial surface area,
V is the volume of the liquid catalyst, and A is the cross-
sectional area of the NW (equal to πr2). Solving eq 2 for
CP(l) and inserting the result into eq 1 assuming a partial
sphere geometry for the liquid catalyst yields

Nd(t) ¼ kPCCo, P(l)
kSiCCSi(l)

exp

�3 2RkPE þ r2

RþR
kPC

 !

(RþR)(2R � R)
t

0
BBBBB@

1
CCCCCA
(3)

where Co,P(l) is the initial concentration of P in themetal
catalyst, R is the liquid catalyst diameter, R is (R2� r2)1/2,
and t is the total amount of time after the P precursor
has been turned off. The growth rate, G, of the NW, as
developed previously,28 is

G ¼ L=t ¼ ΩSikSiCCSi(l) (4)

where L is the length of the segment grown in time t.
Note that the rate constant, kSiC, can have a depen-
dence on the supersaturation of the liquid droplet and

Figure 4. Influence of NW growth rate and diameter on the abruptness of n-type/intrinsic dopant heterostructures. (A)
Illustration of the key processes for describing the time-dependent P concentration in the catalyst and NW: incorporation,
evaporation, and crystallization. (B) Plot of transitionwidth relative topartial pressureof SiH4 for 20 (blue), 40 (green), 60 (red),
and 80 (black) Torr total reactor pressure. Blue square data points outlined in white represent transition widths derived from
EDS data in panel D. (C) Plot of transition width vs diameter for NWs grown at a SiH4 partial pressure of 0.4 Torr and a total
reactor pressureof 20 (green) or 80 (black) Torr, aswell as a SiH4 partial pressureof 2.0 Torr (red) and a total reactor pressureof
20 Torr. Black dashed lines are the best linear fits to each data set, and shaded areas represent one standard deviation error
in the fit. (D) EDS images (top) and plot of relative atomic counts vs axial length (bottom) for NWs grown at a SiH4 partial
pressure of 0.4 Torr (left, green) and 2.0 Torr (right, red) at a total reactor pressure of 20 Torr, with growth rates of∼100 and
∼500 nm/min, respectively. Thewire grown at a SiH4 partial pressure of 0.4 Torr shows higher P counts on the edge as a result
of higher Au concentration on the surface (see Figure S3). The transition widths from these images are plotted in panel B as
blue squares with a white outline.
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thus on the supply of Si precursor (e.g., partial pressure
of SiH4).

28,51 Rearranging eq 4 and substituting for t in
eq 3 yields

Nd(L) ¼ kPCCo, P(l)
kSiCCSi(l)

exp

�3 2RkPE þ r2

RþR
kPC

 !

(RþR)(2R � R)kSiCjSi
L

0
BBBBB@

1
CCCCCA

¼ kPCCo, P(l)
kSiCCSi(l)

exp(�L=λ)

(5)

where φSi = ΩSiCSi(l) is the volume fraction of Si in the
liquid catalyst, and the transition width, λ, is defined as

λ ¼ (RþR)(2R � R)kSiCjSi

3 2RkPE þ r2

RþR
kPC

 ! � 2kSiCjSi

3(2kPE þ kPC)
R (6)

If the catalyst droplet is assumed to be a hemisphere,
then R = r, R is zero, and λ is linearly dependent on the
NW radius, as shown on the right-hand side of eq 6.25,26

However, λ is also dependent on the rate constants
kSiC, kPC, and kPE, so we consider several limiting values
of these constants to understand the presence;or
absence;of the reservoir effect under a variety of
synthetic conditions.
We assume that kSiC is nonzero and separately

consider the limits of eq 6 if P evaporation is much
faster than P crystallization (i.e., kPE . kPC) or if P
crystallization is much faster than P evaporation (i.e.,
kPC . kPE). In the first limit, eq 6 becomes

λ � kSiCjSi

3kPE
R, for kPE >>kPC (7)

In this limit, λ goes to zero if the rate constant of P
evaporation is much greater than the rate constant for
Si crystallization (i.e., kPE . kSiC), causing the reservoir
effect to be fully suppressed. In the second limit, eq 6
becomes

λ � 2kSiCjSi

3kPC
R ¼ 2

3
βjSiR, for kPC >>kPE (8)

where β = kSiC/kPC is the segregation coefficient50 for
crystallization of Si and P in the NW (i.e., the ratio of P
concentration in the liquid to P concentration in the
NW). In this limit, the transition width is linearly depen-
dent on the radius, R, and there is no regime (for VLS
growth of Si with Au catalysts) in which the reservoir
effect can be suppressed.
To experimentally delineate the different regimes

in eqs 7 and 8, we systematically varied NW growth
conditions;including NW diameter, growth rate
(i.e., SiH4 partial pressure), and the total CVD reactor
pressure;and observed the effect on the NW transi-
tion width as measured by wet-chemical etching (see
Figure 4B and C). Three distinct regions (I, II, and III)

were identified. First, at low total pressures (<40 Torr)
and relatively low growth rates (<300 nm/min), we
observed abrupt transition widths (<10 nm) that were
independent of the NWdiameter (Figure 4C), as shown
by the data in the green shaded regions (labeled I).
Second, we observed broadened transition widths
(∼10�25 nm), as shown by the yellow regions
(labeled II), for low pressures with intermediate growth
rates and for high pressures with low growth rates.
This region also exhibits a diameter dependence
(Figure 4C). Third, we observed very broad transitions
(>30 nm) and a diameter dependence (Figure 4C) at
high NW growth rates for all reactor pressures, corre-
sponding to the red region (labeled III) in Figure 4B.
These experimental results were also confirmedby EDS
images collected at the lowest pressure, 20 Torr, with
the second to lowest and highest NW growth rates
(corresponding to regions I and III, respectively). As
shown in the fits in Figure 4D, the EDS data yielded
transition widths of ∼4 and ∼30 nm, respectively,
under these two conditions.
The three regions observed experimentally can be

assigned to different limits of the kinetic analysis (i.e.,
eqs 6�8). Region I corresponds to synthetic conditions
in which evaporation is the dominate term (eq 7),
causing abrupt dopant transitions. The low pressures
and low growth rates favor efficient evaporation of P
from the liquid catalyst. This effect is consistent with
the abrupt transitions observed from n-type/intrinsic/
n-type NWs grown under high vacuum conditions.44

Region II corresponds to a regime in which the rate
constants for evaporation and crystallization are of
similar magnitudes (eq 6). Finally, region III corre-
sponds to a regime in which P evaporation is slow
and P crystallization dominates (eq 8), causing sub-
stantially broadened transitions. This regime is favored
at high NW growth rates (i.e., with high SiH4 partial
pressures) that increase kSiC and φSi while also disfavor-
ing P evaporation because the higher SiH4 pressure
decreases the number of surface sites available for P
associative desorption. Using the diameter-dependent
data from region III, we can calculate φSi by assuming
β≈ 5/3 and using a modification of eq 8 to account for
a non-hemispherical catalyst (see eq S4). The analysis
yields a value of φSi = 26 ( 5%, which is in good
agreement with previous reports of the equilibrium
volume fraction of Si in Au at 420 �C.26

The dependence of the dopant transition width on
the NW diameter and on the P incorporation and
evaporation rate constants is summarized in Figure
5A. Changing the synthetic parameters of VLS NW
growth permits a smooth transition between a
diameter-dependent transition width consistent with
the reservoir effect and a diameter-independent transi-
tionwidth inwhich the reservoir effect is fully suppressed
because of the high rate of P evaporation. Here, we
have determined the optimal conditions for abrupt
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dopant transitions to be low-pressure growth (20 Torr
total reactor pressure) with a NW growth rate of
∼200 nm/min, corresponding to a SiH4 partial pressure
of 0.4 Torr. Under these conditions, both the dopant
transition width and growth rate28 are independent of

the NW diameter. The only apparent disadvantage of
these low-growth-rate conditions is increased Au de-
position (see Figure S3) on the wire surface,52 which
could potentially be suppressed by addition of HCl to
the CVD reactor during VLS growth.53

The report of VLS growth conditions that produce
abrupt and uniform dopant profiles, as shown here,
should assist the development of NW-based technol-
ogies. For instance, using the ENGRAVE process,41 a
variety of high-resolution morphological structures
can be encoded in NWs with diameters ranging from
50 to 200 nm, as shown in Figure 5B. These NWs were
grown with the PH3 flow profile modulated on or off
every 6 s, which corresponds to∼20 nm of NW growth
for each section. As demonstrated by the diameter
profiles in Figure 5C, the ENGRAVE NWs show no loss in
spatial resolution as a function of the wire diameter,
which is consistent with full suppression of the reser-
voir effect.

CONCLUSIONS

By examining the width of P dopant transitions at
n-type/intrinsic interfaces as a function of Si NW dia-
meter, growth rate (i.e., SiH4 partial pressure), and total
reactor pressure, we have identified a regime in which
the reservoir effect can be fully suppressed to produce
transition widths of ∼5 nm independent of the NW
diameter. Using a detailed kineticmodel of NWdoping,
which includes the processes of P incorporation, eva-
poration, and crystallization, we have shown that P
evaporation plays the primary role in achieving the
abrupt interfaces. Our kinetic model can be applied to
a wide range of NW materials grown by the VLS
process. The results presented here should provide
guidelines to develop the synthetic conditions needed
to achieve abrupt compositional and morphological
transitions in a variety of NW systems.

METHODS
NW Growth. Si NWs were grown in a home-built, hot-wall

chemical vapor deposition system using Au catalysts of various
diameters (BBI International), silane (SiH4; Voltaix) as the source
of Si, phosphine (PH3; Voltaix; diluted to 1000 ppm in H2) as the
source of P, and hydrogen (H2; Matheson TriGas 5N semicon-
ductor grade) as the carrier gas. NWs were grown in a 1 in. tube
furnace (Lindberg Blue M) at a temperature of 420 �C with
between 0 and 200 sccmof H2, 0.4�2.0 sccmof SiH4, 4�20 sccm
PH3, and 20�80 Torr total reactor pressure. All gas flow rates
were controlled andmeasured usingmass-flow controllers from
MKS Instruments (model P4B). For all NWs in which transition
widths were measured, n-type segments were doped at a ratio
of 1:100 PH3:SiH4. For chemical doping level measurements in
Figure 2C, n-type segments were doped at lower levels, as
noted in the text.

Etching. NWs were mechanically transferred from the origi-
nal growth substrate to a 2 mm by 2 mm Si wafer coated with
Si3N4. The substrate was then immersed in 10% buffered
hydrofluoric acid by volume in water (Transene BHF Improved)
for 10 s in order to remove any native oxide from the NWs and

was subsequently rinsed inwater and 2-propanol. The substrate
was dipped into a heated 2-propanol solution at 40 �C for∼30 s
in order to equilibrate the substrate to the etch temperature.
The NWs were then etched in KOH solution (20.0 g of KOH;
80.0 g ofwater; 20mLof 2-propanol as top surface layer) at 40 �C
for variable times up to 60 s and subsequently quenched in
dilute acetic acid (2mL of glacial acetic acid; 48mL ofwater) and
rinsed in 2-propanol. The substrate was blowndrywith nitrogen
to remove excess solvent.

STEM and EDS. Samples for electron microscopy were pre-
pared by mechanical contact-transfer of the NWs directly onto
lacey-carbon TEM grids (Ted-Pella #01895). STEM imaging was
performed on a Tecnai Osiris operating at 200 kV with a
subnanometer probe with a current of 2 nA (spot size 3, 4k
extraction voltage). The Osiris is equipped with a Super-X EDS
system, which consists of four solid-state detectors built into
the objective lens. The maximum peak counts summed from
the four detectors were on the order of 45 kcps. The STEM
probe was retuned periodically to maintain the integrity of
the imaging conditions and beam intensity. Drift-corrected
STEM-EDSmapswere obtained using the Bruker Esprit software.

Figure 5. Suppressing the reservoir effect for diameter-
independent, high-resolution heterostructures. (A) Plot of
the n-type/intrinsic transition width as a function of NW
diameter and as a function of the ratio between rate
constants for P crystallization and P evaporation, where
0 and 1 correspond to the limits kPE . kPC and kPC . kPE,
respectively. (B) SEM images of ENGRAVE NWs created by
alternating n-type/intrinsic sections for 6 s each. From top
to bottom the NW diameters are (1)∼150 nm, (2)∼100 nm,
and (3)∼50 nm; scale bars, 100 nm. (C) Diameter profiles as
a function of axial length for NWs 1�3 shown in panel B.
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Total collection times for each map were 15 min except for
chemical doping level data in Figure 2C, which required an
averaging time of 3 h. Standardless Cliff�Lorimer quantification
was performed on the deconvoluted spectra from subsections
of the EDS maps. STEM images were obtained before and after
map acquisition to note any change in the sample.

SEM Image Analysis. SEM imaging was performed with an FEI
Helios 600 Nanolab dual-beam system with an imaging resolu-
tion of less than 5 nm. The diameter profile of each wire was
determined from SEM images using home-written MATLAB
image analysis software. Diameter profiles were fit to the
addition of a Gaussian convoluted with an exponential for the
n-type/intrinsic transition and to an error function for the
intrinsic/n-type transition. The width of the Gaussian broad-
eningwas constrained to be between 2.5 and 3.0 nmduring the
fit routine. The fit was then converted to doping level using a
previously reported exponential fit of etch rate vs doping level
for Si NWs.41 The doping level curve was then fit once again to
the same functional forms to provide the transition widths
reported in the article.
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