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P-type gallium arsenide nanowires were grown with different silicon doping concentrations. The
incorporation is monitored by Raman spectroscopy of the local vibrational modes. For
Si-concentrations up to 1.4�1018 cm−3, silicon incorporates mainly in arsenic sites. For higher
concentrations, we observe the formation of silicon pairs. This is related to the Coulomb interaction
between charged defects during growth. An electrical deactivation of more than 85% of the silicon
acceptors is deduced for nominal silicon concentration of 4�1019 cm−3. This work is important to
understand the limiting mechanisms of doping in compound semiconductor nanowires. © 2010
American Institute of Physics. �doi:10.1063/1.3517254�

Semiconductor nanowires are potential building blocks
of multiple applications in diverse areas such as electronics,
energy harvesting, and biosensing.1–5 For devices to become
a technological reality, controlled and reproducible doping is
essential. In the past few years, there have been studies fo-
cusing on the mechanisms and the limitations of dopant in-
corporation in nanowires.6–10 Various challenges have been
anticipated and/or found, such as the competition of dopant
incorporation between the shell and the core of the nanowire
and doping compensation.6,7 Compensation can typically oc-
cur in amphoteric dopants such as silicon in GaAs. Indeed,
Si can lead to n- or p-type doping, depending on whether it is
incorporated in the Ga or As sites of the host lattice. Addi-
tionally, a correlation between the dopants incorporation can
exist, in a way that the simple neutral complexes lay in
nearest-neighbor position, forming donor acceptor pairs
SiGa–SiAs. At extremely high doping concentrations, super-
saturation and dopant precipitation can occur.11 Si is most
commonly used as n-type dopant in molecular beam epitaxy
�MBE� grown �100� oriented GaAs thin films leading to car-
rier concentrations higher than 5�1018 cm−3, with a major-
ity of Si atoms being incorporated as SiGa donors.12 In con-
trast, n-type �110� films with the same silicon concentration
show 30%–40% lower free-electron concentrations than their
�100� counterparts.13 By lowering the As4 /Ga flux ratio and
increasing the growth temperature, Si incorporates preferen-
tially in the As sites, giving rise to p-type doping.13–15 Re-
cently, silicon has been used for doping GaAs nanowires and
both n- and p-type doping have been achieved. The type of
doping seems to depend on the growth temperature. Indeed,
at 570 °C silicon tends to incorporate as a donor, while at
630 °C it is incorporated as an acceptor.6,16 The dopant in-
corporation can be monitored by measuring the local vibra-
tional modes �LVMs� associated with the impurities. One
advantage of Raman spectroscopy over electrical measure-
ments is that spurious effects coming from the fabrication of
contacts can be avoided and information on the type and
concentration of dopants is easily obtained.17

In a previous study, we have elucidated the silicon dop-
ing mechanisms of catalyst-free GaAs nanowires. We have

shown that silicon incorporates as an acceptor both on the
facets and the nanowire core. A schematic drawing of the
final structure is shown in Fig. 1�a�. This leads to the forma-
tion of a highly p-doped shell on the nanowire core, a con-
sequence of the nonzero radial growth of the nanowire. In
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FIG. 1. �Color online� �a� Schematic drawing of the incorporation of silicon
in the nanowire: on the side facets through radial growth and in the core
through the droplet. �b� Raman spectra of the Si-doped GaAs nanowires for
different Si concentrations in the shell.
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this work, we demonstrate the existence of compensation in
the shell and find the corresponding mechanisms.

Catalyst-free p-type GaAs nanowires were prepared by
MBE in a Gen II system as described elsewhere.6,18 The
substrate was rotated at 7 rpm and heated at 630 °C. We
used a nominal Ga growth rate of 0.25 Å/s, an As4 partial
pressure of 2.7�10−6 mbar. The growth time was 4 h, re-
sulting in 22 �m long tapered wires with a diameter ranging
between 180 and 70–90 nm �from the bottom to the tip�.6

The tapering is a consequence of a diameter growth rate of
0.008 nm/s. Silicon doping was achieved by adding a silicon
flux during the nanowire growth. Samples were prepared
with a silicon flux of 5.6�109, 2.2�1010, 5.6�1010, and
1.6�1011 at Si / �cm2 s�. Taking into account the nanowire
geometry and radial growth rate, this corresponds to a silicon
concentration in the shell of 1.4�1018, 5.5�1018, 1.4
�1019, and 4�1019 cm−3.

The structure of the nanowires corresponds to 100%
zinc-blende with the occurrence of single twins along the
nanowire axis.6,19,20 Raman spectra were recorded in back-
scattering geometry at 90 K. The 488 nm line of an Ar+Kr+

laser was used for excitation. The laser was focused on the
nanowire with a cover glass corrected objective �0.75 NA�
�NA denotes numerical aperture� with the incident polariza-
tion parallel to the nanowire axis. A xyz-piezostage with a
precision of �2 nm allowed the scanning of the laser spot
along the axis of a single nanowire dispersed on a Si sub-
strate. The power of the incident light was 500 �W. The
scattered light was collected by a TriVista triple spectrometer
with a multichannel cooled charge-coupled-device detector.

Typical Raman spectra of the GaAs nanowires grown
with the various silicon fluxes are shown in Fig. 1�b�. All the
measurements have been taken with the laser spot positioned
at a distance of 1 �m from the base. At that point, the doped
shell is about 60 nm thick. As the Raman information depth
at 488 nm is about 40 nm, the Raman spectra report only
about the doping mechanisms in the nanowire shell and not
from the core. In all Raman spectra, we observe a SiAs LVM
at 396 cm−1 that can be attributed to the incorporation of Si
into As lattice sites. This mode is a characteristic for the
p-type doping.21 For nanowires grown with a Si-flux larger
than 5.6�109 Si / �cm2s�, an additional mode arises at
393 cm−1 that can be assigned to the formation of neutral
SiGa–SiAs pairs.12 The intensity of this peak increases as the
silicon flux is increased. For the nanowires obtained with the
maximum silicon flux, the two peaks associated with the
sites SiAs and SiGa–SiAs have a similar intensity.

For a given scattering volume and scattering cross sec-
tion per impurity, the measured LVM intensity is directly
proportional to the impurity concentration.22 Thus, Raman
scattering allows the relative quantitative characterization of
the dopant incorporation. In Fig. 2�a�, the integrated intensity
of the SiAs LVM is plotted versus the incident Si-flux during
the growth. For a fair comparison of the data, the intensity of
the SiAs LVM has been normalized to the intensity of the
transverse optical GaAs mode, whose intensity is propor-
tional to the volume probed. Interestingly, we find a sublin-
ear increase of the SiAs LVM intensity with respect to the
total incoming Si-flux. This behavior is a signature of the
existence of dopant compensation at higher doping levels.
Now, we compare the increase in the incorporation of Si in
As sites and the formation of Si-pairs. The intensity ratio

between the LVM of SiAs–SiGa and SiAs as a function of the
silicon flux is shown in Fig. 2�b�. In this case, the increase of
the mode related to the silicon pairs is quite abrupt and tends
to saturate at the highest doping. This is a signature that the
compensation occurs in a nonrandom way.

The main source of compensation in p-type GaAs:Si is
Si atoms incorporated in Ga lattice sites �SiGa� acting as do-
nors. Interestingly, it has been found that the reduced screen-
ing of the Coulomb interaction between the charged defects
can be the driving mechanism for the formation of neutral
Si-pairs.23 As a consequence of the consecutive compensa-
tion of SiAs acceptors by SiGa donors, the effective free car-
rier concentration decreases. Thus, the efficiency of the
screening of the electric fields originating from charged at-
oms is reduced. When the average distance between two Si
atoms in the host lattice becomes similar or smaller than the
screening length, the Coulomb interaction between the nega-
tively charged Si acceptors and positively charged Si donors
leads to the formation of neutral Si-pairs. Such a pair forma-
tion occurs during the growth process. For a nondegenerate
semiconductor, the characteristic length scale for Coulomb
interaction is given by the Debye screening length �D,

�D = ��0 · � · kB · T

e2 · p� �1/2

,

where �=13.1 is the permittivity of GaAs and p� is the ef-
fective screening density of free carriers. The Debye length
as a function of the effective carrier concentration in GaAs at
630 °C is displayed in Fig. 3. In the same graph, we plot the
average Si–Si distance for the concentrations of the nano-

FIG. 2. �Color online� �a� Integrated intensity of the normalized SiAs mode
as a function of the incident Si-flux. �b� Intensity ratio between the
SiGa–SiAs and SiAs LVMs as a function of the Si-flux.
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wires presented in this work, in the case where the distribu-
tion of dopants is completely random. By comparing the av-
erage Si–Si distance with �D for the corresponding free
carrier concentration, it is possible to deduce if Coulomb
interaction between charged defects can drive the formation
of Si-pairs. Additionally, it is possible to deduce the lower
bound of compensation.

The average distance between two silicon atoms suppos-
ing a random distribution of the dopants for silicon con-
centrations of 4�1019, 1.4�1019, 5.5�1018, and 1.4
�1018 cm−3 is respectively 2.9, 4.1, 5.7, and 8.9 nm. Now,
looking back at the experimental data in Fig. 1, it is apparent
that a certain threshold value for the Si-pair formation exists
that is overstepped when the total Si-concentration is in-
creased from 1.4�1018 to 5.5�1018 cm−3. At this threshold
concentration, the corresponding Si–Si distance crosses over
from a value that is higher than the Debye length to a value
lower than �D.

For a Si-concentration below the threshold, as for the
lowest Si-concentration of 1.4�1018 cm−3, there is no ex-
perimental evidence for Si–Si pair formation. Consequently,
�D has to be smaller than the average Si–Si distance of 8.9
nm. As we can see in Fig. 3, the difference between the total
Si-concentration and the effective free carrier concentration
corresponding to this upper bound of �D=8.9 nm is negli-
gible. Therefore, in excellent accordance with the model of
screened Coulomb interaction, compensation effects can be
neglected for nanowires grown with the lowest Si-flux. At
the same time, we can give an estimate for a free carrier
concentration of 1.4�1018 cm−3 in this sample �the contri-
bution of the intrinsic carrier concentration to the total free
carrier concentration in GaAs is still negligible at the growth
temperature of 903 K�.

On the other hand, for Si concentrations above the criti-
cal threshold value, we know from the experimental obser-
vation of Si-pairs that the screening length is effectively
larger than the Si–Si distance. For example, for the sample
grown with the highest Si-concentration of 4�1019 cm−3,
the Debye length has to be larger than the Si–Si distance of
2.9 nm. Figure 3 shows that for �D�2.9 nm, the effective
free carrier concentration is smaller than 6�1018 cm−3.
Therefore, the difference between the total Si-concentration
and the effective free carrier concentration is at least 3.4
�1019 cm−3 �this difference is denoted by an arrow in Fig.
3�, corresponding to a minimum compensation of 85% in the
nanowires grown with the highest Si-flux. This means that at

least 85% of the Si atoms do not contribute to the carrier
concentration. Finally, from these considerations, we can
also give an upper bound of the free carrier concentration of
6�1018 cm−3 for the nanowire grown with the highest Si-
flux. These findings are in good agreement with our previous
results.6

In summary, the effect of dopant compensation in Si-
doped p-type GaAs nanowires has been investigated by Ra-
man spectroscopy. We have shown that the compensation
results in a sublinear increase in the SiAs concentration with
the incoming Si-flux. The reduced Coulomb screening drives
the formation of Si-pairs and results in highly compensated
GaAs for a silicon concentration higher than 1.4
�1018 cm−3. An observed electrical deactivation of at least
85% of the Si acceptors is observed for nominal silicon con-
centration of 4�1019 cm−3. These results will have to be
taken into consideration in the future for the fabrication of
optical and electronic devices with Si-doped GaAs nano-
wires.
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FIG. 3. �Color online� Calculated Debye screening length as a function of
the effective free carrier concentration �full line� and the average Si–Si
distance for the total Si concentrations of 1.4�1018, 5.5�1018, 1.4�1019,
and 4�1019 cm−3. The arrows indicate the minimum carrier concentration
for each of the silicon concentrations.
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