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S
emiconductor nanowires (NWs) have
received increasing attention for their
potential application in various fields.

In particular, considerable progress has
been achieved in NW-based optoelectronic
devices such as photodetectors1�5 and so-
lar cells.6�9 In principle, the performance of
these devices is dominated by three factors:
the efficiency of light absorption, the mobi-
lity, and the lifetime of carriers.10 While the
former one reflects the effective ratio of
light harvesting, the latter two determine
the collection efficiency of the photogener-
ated carriers and the intrinsic gain.11 By
taking advantage of the light funneling
effect of vertically aligned NWs surrounded
by low refractive index material, devices
with a physical filling factor of only a few
percent can effectively absorb the incident
light,10,12�14 achieving higher efficiency
than thin film counterparts.13 At the same
time, the electron mobility of NWs is ap-
proaching the bulk valuewith the scattering
effects essentially suppressed.15�17 Very re-
cently, the hole mobility in GaAs/AlGaAs
NWs was reported to be similar to the best
value observed in modulation-doped quan-
tum wells.18 While these findings prove the
unique superiority of NWs in photoelectric
conversion, the carrier lifetime is likely to
hamper the pursuing of sensitive photode-
tection and efficient solar energy collection
in NW-based devices.19�21 According to the
time-resolved spectroscopic studies, the
carrier lifetime in NWs could be 2�3 orders
shorter than that in the bulk case due to the
impact of high density of surface traps,15

and the way to improve the lifetime by
overcoating the wires with barrier shells
has also been discussed.22,23 Notwithstanding
these ongoing studies of carrier dynamics,

direct demonstrationof the influenceof carrier
lifetime on NWs' photoconductive response is
still lacking, especially for the case of single
wires.
Intentional doping in NWs with n- or

p-type impurities is a key process to realize
various functionalities.7,24�28 Meanwhile, a
high density of surface states, up to 1012

eV�1cm�2, for III�VNWshasbeenreported.29,30

Considering that the carriers tend to fill the
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ABSTRACT

The doping-dependent photoconductive properties of individual GaAs nanowires have been studied by

conductive atomic force microscopy. Linear responsivity against the bias voltage is observed for moderate

n-doped GaAs wires with a Schottky contact under illumination, while that of the undoped ones exhibits a

saturated response. The carrier lifetime of a single nanowire can be obtained by simulating the characteristic

photoelectric behavior. Consistent with the photoluminescence results, the significant drop of minority hole

lifetime, from several hundred to subpicoseconds induced by n-type doping, leads to the distinct

photoconductive features. Moreover, by comparing with the photoelectric behavior of AlGaAs shelled

nanowires, the equivalent recombination rate of carriers at the surface is assessed to be>1� 1012 s�1 for 2�
1017cm�3 n-doped bare nanowires, nearly 30 times higher than that of the doping-related bulk effects. This

work suggests that intentional doping in nanowires could change the charge status of the surface states and

impose significant impact on the electrical and photoelectrical performances of semiconductor nanostructures.

KEYWORDS: GaAs nanowire . photoconductive property . intentional doping .
minority carrier lifetime . surface states . photoelectric device
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surface states, the consequence of doping on NWs'
electrical properties could be different from the bulk
case due to their high surface-to-volume ratio. Very
recently, it has been reported that the trapping and
release of carriers by surface statesmay cause a decline
of the response time, which is critical for the applica-
tion of NWs on high-speed devices.5 Therefore, it is
essential to detect the doping-related photoelectrical
properties of NWs and go one step further to explore
the underlying physical mechanism for NWs' applica-
tion in photodetectors and solar cells.
In this study, the photoresponse of individual epi-

taxial GaAs NWs with different n-doping levels is
characterized by conductive atomic force microscopy
(conductive-AFM) under illumination. In contrast to
that of the undoped wires, the photocurrent of NWs
with a doping concentration higher than 2 � 1017 cm�3

exhibits an unusual linear relationship against the reverse
bias voltage of the AFM tip�NW Schottky contact. This
fact, together with the significant reduction of interband
recombination revealed by a photoluminescence study,
suggests that the n-type doping will lead to a dramatic
drop of carrier lifetime in NWs. According to numerical
simulation, the hole lifetime in the bare GaAs NWs is
shortened from hundreds of picoseconds to less than 1
ps with doping concentration higher than 2� 1017 cm�3.
In contrast to the impurity and defect effects inside NWs,
the charging of surface states by n-type doping is inferred
to play the essential role in depressing hole lifetime to

subpicoseconds and results in the linear photoresponse of
GaAs NWs. The study, for the first time, reveals the depen-
dence of the surface traps on the density of majority
carriers and derives the carrier lifetime in individual NWs
based on their photoelectric behaviors.

RESULTS AND DISCUSSION

Structure of Nanowires. As listed in Table 1, GaAs NWs
with four types of doping conditions are grown for
comparison; also, two GaAs/AlGaAs/GaAs core�shell
NW samples are prepared to evaluate the possible bulk
effects of n-type doping on the NW's photoelectric
property. High V�III flux ratio and low temperature are
adapted to achieve efficient n-type doping in NWs on
GaAs (111)B substrate duringmolecular beam epitaxial

TABLE 1. Description of Nanowire Structures and Doping

Features

sample ID NW structure

nominal concentration

of n-type doping

u bare GaAs NWs unintentionally doped
n1 bare GaAs NWs 1 � 1016 cm�3

n2 bare GaAs NWs 2 � 1017 cm�3

n3 bare GaAs NWs 6 � 1017 cm�3

cs-u GaAs/AlGaAs/GaAs core�shell NWs unintentionally doped
cs-n2 GaAs/AlGaAs/GaAs core�shell NWs 2 � 1017 cm�3 n-doped

in GaAs core

Figure 1. SEM images of Au-catalyzed MBE grown unintentionally doped (a) and 2� 1017 cm�3 n-doped GaAs NWs (b). Inset
in (b) is the SEM sectional image of the NW sample after it is coated with PMMA and polished. The scale bars in (a) and (b)
represent 2 μm. (c) TEM image of unintentionally doped GaAs NW. Inset: Selected area electron diffraction of the NW.
(d) Schematic experimental setup of photoconductive measurement on individual NWs with the band alignment illustrated
on the left.
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(MBE) growth.31 The NWs are typically 80�120 nm in
diameter and 5�7 μm in height as seen in their scann-
ing electron microscopy (SEM) images in Figure 1a,b.
The crystal structure of NWs is hexagonal wurtzite
within the our doping range, although lattice defects
are occasionally observed by transmission electron
microscopy (see Figure 1c and Figure S1 in Supporting
Information for TEM results of nanowires with all
doping conditions).

Doping Related Photoelectric Behavior of Nanowires. As
sketched in Figure 1d, the photoelectrical property of
individual NWs is measured by introducing laser light
at 808 nm to the tip engaged area in conductive-AFM.
Figure 2a,b plots the typical I�V curves measured on
individual undoped and 2 � 1017 cm�3 n-doped GaAs
NWs, respectively, under illumination of different in-
tensities with a spot size of∼5mm.With no intentional
excitation, the I�V curves of NWs in both doping
conditions exhibit rectifying character of the tip�wire
Schottky contacts, as illustrated in Figure 1d.32,33 Under
reverse bias corresponding to the positive sample bias, a
current of tens to a few hundreds of picoamperes is
observed on all of the NWs mainly due to background
excitation by the stray light of the AFM cantilever laser.34

While the photocurrent of the undoped NWs satu-
rates after a rapid increase against the reverse bias as is
commonly expected in a metal�semiconductor�metal
(MSM) detector,35,36 the counterparts of the doped ones
show a more linear manner. This unusual behavior is
confirmed by the bias-dependent photoresponsivity test

on a number of NWs with some of the results shown in
Figure 3. As can be noted, the responsivity discrepancy of
NWs on the same sample can be several times in magni-
tude under identical measuring conditions. At the same
time, the undoped NWs tend to yield higher responsivity
than the n-type doped NWs though inconsistency of
effectiveexcitation intensitymayexist indifferent samples.
Moreover, the linear increase of the photoconductive
response along with bias voltage suggests that different
mechanisms dominate the relaxation and collection of
photocarriers in the 2� 1017 cm�3 n-type doped NWs.

Doping Related Photoluminescent Properties. Photolumi-
nescence (PL) studies may provide further information
to understand the carrier dynamics in NWs. As shown
in Figure 4a, the low-temperature PL emission of an
ensemble of undoped GaAs NWs peaks at the free
exciton energy of 1.51 eV, which is consistent with
that of the GaAs epilayer. Meanwhile, the spectrum of
the 2 � 1017 cm�3 n-doped GaAs NWs shows a rather
broadened peak around 1.45 eV with the exciton
emission drastically diminished. The quenching of
the interband recombination implies that some much
faster process associated with n-type doping domi-
nates the relaxation of the photocarriers, thus leading
to a great reduction of carrier lifetime compared
with that in the undoped GaAs NWs. This finding is
partially supported by time-resolved photolumines-
cence (TRPL). By fitting the PL decay transient with a
reconvoluted biexponential

PL(t) ¼ [Aexp( �t=τ1)þ Bexp( �t=τ2)]XIRF (1)

the exciton lifetime can be extracted. As shown in
Figure 4b, upon fitting, τ1 and τ2 are decay constants of
69 ps and 2 ns, A and B are the relative amplitudes

Figure 2. Photoconductive I�V curves of individual NWs
under illumination of different intensities: (a) unintention-
ally dopedGaAs NWs; (b) 2� 1017 cm�3 n-dopedGaAs NWs.

Figure 3. Normalized photoresponsivity of individual NWs.
Three undoped NWs are labeled as u-1#, u-2#, and u-3# and
three 2 � 1017 cm�3 n-doped GaAs NWs are labeled as
n2-1#, n2-2#, and n2-3#.

Figure 4. Photoluminescence of an ensemble of GaAs NWs
at 4.5 K. (a) Normalized photoluminescence spectra of the
undoped (red line), 2 � 1017 cm�3 n-type doped (blue line)
GaAs NWs, and the epilayer (black line). (b) Time-resolved
photoluminescence of the undoped GaAs NWs (black line)
measured at the peak emission. The red line is a fitted
response corresponding to an exponential decay of lifetime
69 ( 15 ps, convoluted with the instrument response
function of the system.
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(where A/B ≈ 100, indicating a dominant short time
scale), and IRF is the experimentally measured

instrument response function. While the exciton life-
time is fitted as 69( 15 ps for the undoped GaAs NWs
according to the transient PL results, no reliable in-
formation can be acquired in the n-doped GaAs NWs
within the sensitivity or resolution of the equipment,
suggesting a substantially shorter carrier lifetime.

Carrier Lifetime in Nanowires by Simulation. To investi-
gate the influence of carrier lifetime on the photocon-
ductive behavior of nanowires, a two-dimensional
numericalmodel is established to simulate the current�
voltage property of the AFM tip�NW setup under
illumination (the details of the model are specified in
the Methods section). We start from 69 ps for the
minority hole lifetime in undoped GaAs NWs, the
Schottky style photo-IV is well reproduced as shown in
Figure 5. For 2 � 1017 cm�3 n-doped wires, the hole
lifetime is slightly shortened to 66 ps for the Shockley�
Read�Hall (SRH) recombination process, and the im-
purity scattering of carriers will degrade the photo-
electric responsivity of the NWs. Even so, the simu-
lated photo-IV curve of the n-doped NWs remains a

Figure 7. Experimental and simulated photocurrent I�V curves of (a) undoped, (b) 1 � 1016 cm�3, (c) 2 � 1017 cm�3, and
(d) 6� 1017 cm�3 n-dopedGaAsNWs. Ineachplot, the redandblack scatter lines represent theexperimental results of twodifferent
NWs; the red and black solid lines are the corresponding fitting curves, from which the MHL of individual NW can be derived.

Figure 6. Simulated distribution of photocurrent density and conduction band alignment along the axial direction of NWs for
different hole lifetime τp = 69 ps (a) and τp = 1 ps (b). LD is the depletionwidth of Schottky barrier and Lp is the diffusion length
of hole. The data is obtained at zero bias voltage. For τp = 69 ps, the photogenerated holes in region LD and Lp are effectively
extracted. While for τp = 1 ps, only holes in the Schottky barrier region (LD) can be extracted.

Figure 5. Calculated photo-IV curves of undoped NW for
τp = 69 ps (black solid line), 2� 1017cm�3 n-doped NWwith
τp = 66 ps (red dashed line; the predicted photo-IV of
2 � 1017cm�3 n-doped NW which takes into account the
lifetime shortening, from 69 to 66 ps, induced by the SRH
recombination), and the linear photo-IV of 2 � 1017cm�3

n-dopedNW is reproducedwith τp set as 1 ps (red solid line).
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saturatedmode. This indicates that, besides the influence
of dopant impurities, n-type doping introduces further
impact on the carrier dynamics in GaAs NWs. In fact,
following the indication of dramatic reduction in PL, the
linear photoconductive I�V curve can be numerically
obtainedwhen thehole lifetime is adjusted to 1psor less.

The simulation depicts the fading of Schottky char-
acter in photo-IVs of NWs with ultralow minority hole
lifetime. Figure 6a,b gives the current density distribution
of the electron and hole along the axial direction of the
NWs with τp = 69 ps and τp = 1 ps, which represent the
typical saturated and linear photoelectric responses,
respectively. In both cases, the minority hole current
contributes mostly to the photocurrent in the tip�NW
junction region. The hole diffusion length is given by

Lp ¼ ffiffiffiffiffiffiffiffi
Dτp

p
(2)

where D is the diffusion coefficient of hole.41 For τp =
69 ps (Figure 6a), Lp = 245 nm, considerably larger than
the depletion length of Schottky barrier (LD), then the
total photocurrent is governed by the hole diffusion
current, and it will saturate after the rapid counteraction
of photovoltage. By contrast, Lp is 30 nm for τp = 1 ps
(Figure 6b), in which case the drift current dominates the
photocurrent:

F
J ¼ qΔnpμp

Fε (3)

where q, μp, and Δnp are the charge, mobility, and the
density of the photoexcited hole, respectively, and ε is
the external electric field. This explains the linear photo-
conductive behavior inNWswith ultralow carrier lifetime,
as the drift current is proportional to the external electric
field.

Considering the relevance between photoelectric
behavior and carrier lifetime of the nanowire, Figure 7
plots the experimental and simulated photocurrent
curves of GaAs NWs with four different doping con-
centrations. The 1 � 1016 cm�3 doped NWs exhibit
similar saturated behavior as the undoped ones, while
the photocurrent of NWs with doping concentration
higher than 2 � 1017 cm�3 shows a linear relationship
against the positive sample bias. As mentioned before,

the increase of photocurrent with the bias voltage is
decided by hole diffusion length relative to the deple-
tion width of the Schottky junction. Then the minority
hole lifetime (MHL) of individual NWs can be extracted by
fitting the experimental curves. As displayed in Figure 7a,
the MHL of undoped GaAs NWs can deviate between 50
to several hundred picoseconds. It is considerably longer
than the previously reported value of a few picoseconds
observed in nominally undoped zinc-blende GaAs
NWs.15,22 The III�V wurtzite NWs are inferred to have
different atomic and electronic structures on the surface
compared to thatof the zinc-blendeones,37�39whichmay
be the clue to understand the discrepancy of carrier
lifetime in NWs of two different types of crystal structures.
For the lightly dopedNWs, theMHL is reduced to less than
100ps (Figure7b).On theotherhand, thenumericalfitting
reveals that the MHL of 2 � 1017 cm�3 doped NWs is
about 0.5 ps (Figure 7c), while no significant further drop
of MHL is found in the 6 � 1017 cm�3 doped NWs
(Figure 7d). This is reasonable because the intraband
relaxation time is of subpicosecond scale for photocarriers
in GaAs.40

Bulk and Surface Effects on Carrier Lifetime by n-Type
Doping. It is known that doping may degrade the optical
andphotoelectric properties by introducing contamination
and lattice defects in semiconductors. On the other hand,
surface effects are believed to play a prominent role in
altering the dynamic feature of photocarriers in nanostruc-
tures with high surface-to-volume ratio.19,20 By com-
parison with the photoelectric property of AlGaAs shelled
nanowires, the contribution of bulk and surface effects of
n-type doping on the drop of carrier lifetime can be

Figure 8. Experimental and simulated photocurrent IV curves of the GaAs/AlGaAs core�shell NWs with the GaAs core
(a) undoped and (b) 2� 1017 cm�3 n-doped. The large photocurrents of cs-n2 1# and cs-n2 2# NWs are coming from the high
excitation power. In each plot, the red and black scatter lines represent the experimental results of two different NWs; the red
and black solid lines are the corresponding fitting curves.

TABLE 2. Equivalent Recombination Rate of Minority

Holes, 1/τp, in Nanowires with Different Structures and

Doping Features

sample ID NW structure 1/τp (s
�1)

cs-u undoped GaAs/AlGaAs/GaAs core�shell NWs 1 � 109�2 � 109

u undoped bare GaAs NWs 5 � 109�20 � 109

cs-n2 GaAs(2 � 1017 cm�3 n-doped)/AlGaAs/GaAs
core�shell NWs

3 � 1010�7 � 1010

n2 2 � 1017 cm�3 n-doped bare GaAs NWs 1 � 1012∼2 � 1012
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quantitatively determined. Figure 8 presents the experi-
mental and simulated photo-IV curves of the GaAs/AlGaAs
core�shell NWs with the GaAs core undoped and
2 � 1017 cm�3 n-doped. Unlike those of the bare GaAs
NWs, the photo-IVs of all the wires with core�shell struc-
tures exhibit typically saturated behavior regardless the
doping of the GaAs core; also, the simulated hole life-
times are improved after capped with the AlGaAs shell.
Both suggest that the negative influence of surface effects
on the carrier lifetime is suppressed. The equivalent re-
combination ratesofminorityholes, definedas1/τp, inNWs
with different structures and doping conditions are calcu-
lated and shown in Table 2. The difference of recombina-
tion rates between the doped and undoped core�shell
NWs represents thebulk effects of n-typedoping; the value
is about 3�7 � 1010 s�1, noticeably higher than the
electron�hole radiative recombination rate in GaAs. On
the other hand, the equivalent recombination rates of
carriers in bare NWs can be >1 � 1012 s�1 for doping
concentration g2 � 1017 cm�3, which implies that the
recombination rate at the surface could be substantially
larger than that inside the wires and thus causes the linear
photoconductive behavior of tip�wire Schottky contacts.

The dominant role of surface effects on the control
of MHL in the n-doped NW provides an opportunity to
investigate the microscopic mechanism of carrier dy-
namics in III�VNWs. It is known that the high density of
surface acceptor centers in bulk GaAs, up to∼1012 cm�2,
will pin the Fermi level to 0.63�0.68 eV below the
conduction band if filled by electrons.29,30 For nanostruc-
tures, surface states with a density on the same order
have been reported in InAs NWs.42 Similar state can
therefore be expected on the surface of wurtzite GaAs
NWs, and the dense acceptor-like centers will be occu-
pied by electrons depending on the doping condition.
Taking a NW diameter of 100 nm, full occupation of
surface states with density of 1 � 1012 cm�2 requires
electron concentration above 4� 1017 cm�3 and results
in the samenumber of surface traps forminority holes. As
schematically shown in Figure 9, for n-type doping below
1� 1016 cm�3, theNWs are fully depletedwith a very low
percentage of surface states (<5%) filled with electrons,
thus yielding little influence on MHL. However, for
2 � 1017 cm�3 or higher level of n-type doping, on one
hand, the negatively charged surface states with a
density of g5 � 1011 cm�2 will become the effective

Figure 9. Schematic illustration of doping dependent surface status and carrier distribution under illumination in
(a) 1 � 1016 cm�3, and (b) 2 � 1017 cm�3 n-doped GaAs NWs. A high density of surface states (DOS) is assumed in the
mid-band gap of wurtzite GaAsNW, and the Fermi level will thus be pinned. In contrast to the lightly dopedNW, the acceptor-
like centers at the surface (short blue line) aremostly occupied by electrons (red circle) due to the high doping concentration
in 2� 1017 cm�3 n-doped NWs and result in a high built-in field which accumulates the photoinjected holes (green circle) in
the NW's surface.

Figure 10. Fitting the photocurrent curves of a 1� 1016 cm�3 n-doped NW (a), as well as that of a 6� 1017 cm�3 n-doped NW
(b) under different exciting intensities. The scattered lines are experimental data, while the solid, dashed, and dotted lines are
the simulated curves with different minority hole lifetimes.
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recombination centers for photoinjected holes. On the
other hand, the built-in field of ∼105 V/cm in the radial
direction will drive holes to accumulate on the surface of
NWs. Both effects will cause a drop in MHL.

CONCLUSIONS

In conclusion, this study reveals the significant var-
iation of photoresponsivity of vertically aligned wurt-
zite GaAs NWs with n-type doping. The minority hole
lifetime of a single wire is obtained by the photocon-
ductive characterization combined with numerical si-
mulation. It is worthy to mention that the photo-
injected carrier density is estimated to below 1014 cm�3

in our experiment, 3 orders lower than that generally
applied in the spectroscopic methods; thus this study
provides a scheme to probe the carrier dynamics close to
the working condition in photovoltaic devices with

minimized perturbation on the electronic status of the
NW surface. For doping concentration higher than 2 �
1017 cm�3, the hole lifetime can be lower than 1 ps,
leading to linear photoelectric behavior, which deviates
from the conventional response observed in undoped
and lightly doped NWs. The contribution of doping-
induced bulk effects, like the possible defects in NWs,
on the carrier recombination rate is evaluated as ∼1010

s�1, while that of the surface recombination could be
more than 1 � 1012 s�1. According to our results,
moderate n-type doping in III�V semiconductor NWs
would not reach the expected effect of efficiently in-
creasing the concentration of majority electrons, but will
instead formahigh density of negatively charged surface
traps. These may be the critical factors in designing and
fabricating high-performance electronic and photoelec-
tric devices based on NWs.

METHODS
Nanowire Growth and Sample Preparation. All GaAs NW samples

were grown in a Riber 32 MBE system on GaAs (111)B-oriented
semi-insulating substrates with silicon as the n-type dopant.
Heavily n-doped buffer layer was grown to ensure the bottom
electrical contact of NWs before the deposition of Au catalyst.
The growth of GaAs NWs was at 500 �C with a V/III flux ratio of
20:1. For the three n-doped NW samples, the source tempera-
ture of Si was set as 875, 990, and 1025 �C corresponding to the
nominal concentration of 1� 1016, 2� 1017, and 6� 1017 cm�3

in NWs, respectively. For the GaAs/AlGaAs/GaAs core�shell NW,
following growth of the GaAs core, the temperature is raised to
550 �C, and a nominally 15% AlGaAs shell ∼30 nm thick is grown.
After that, the outermost shell of ∼5 nm GaAs is grown to prevent
the oxidation of AlGaAs shell.5,20,23 For the 2 � 1017 cm�3 n-doped
core�shellNW, the silicondoping is just performed in theGaAs core,
and the doping condition is the same as that of bare GaAs NWs.
According to the relevant work on InAs NWs, the electron concen-
tration increases linearly alongwith the partial pressure of the silicon
dopant.43 In our case, the forward conductivity of tip�wire Schottky
contact increaseswith the risingdoping level, indicating thestepwise
n-type concentrations in NWs of the four samples. The experimental
results are shown in the Supporting Information. Poly(methyl
methacrylate) (PMMA) was selected to embed and support the
GaAs NWs for C-AFM study. The samples were first spin-coated by
PMMA with NWs fully buried. The polymer was then solidified by
baking. Finally, the top surface of the NWs will be exposed for
measurement by polishing, and the height of the remaining seg-
ment is about 5 μm, as shown in the inset of Figure 1b.

Photoconductive Measurement of Individual NWs. Conductive
atomic force microscopy in a Multimode Nanoscope IV micro-
scope was applied to characterize the NW's electrical properties
with its utility described earlier.32,33 Si probes coated with con-
ductive diamond film were used for durable and repeatable
measuring. The bias voltage was applied to the bottom electrode
of a sample, while the tip was kept at virtual ground during the
measurements. Individual NWs were identified by the electrical
difference between wires and PMMA. An external 808 nm semi-
conductor laser was used to excite the GaAs NWswith the internal
AFM laser (670 nm) spot placed away from the front end of the
probe's cantilever to minimize the stray light excitation.34

As shown in Figure 3, the responsivity of an individual NW
is normalized based on the formula below:

Rs ¼ Ips � Ids
P

(4)

where Rs is the photoresponsivity of a single NW, Ips is the current
of a single NW under the illumination of the external 808 nm laser

with intensity P, and Ids is the background current of a single NW
without intentional excitation which includes the leakage current
of Schottky contact and the photocurrent excitedby theAFM stray
light (see Figure S2 in Supporting Information).

Structural and Photoluminescent Characterization. The morpholo-
gical and structural characteristics of grown NWs were investi-
gated by SEM (FEI Sirion 200, operated at 20 kV) and TEM (Philips
Tecnai F20, operated at 200 kV). For TEM investigations, indivi-
dual NWs were removed from the substrates using ultrasonic
and deposited on the holey carbon supporting films.

Steady-state and time-resolved photoluminescence of an
ensemble of NWs was obtained using pulsed 300 fs, 522 nm
excitation. A helium-flow cryostat held the samples at 4.5 K, and
the luminescencewasmeasured using either a peltier-cooled CCD
(steady-state) or a silicon single-photon avalanche photodiode
(time-resolved luminescence) for time-correlated single photon
counting, respectively. The resultant data were fit by convolution
of an exponential decay with the instrument response function of
the system;a response time of around 48 ps was measured.

Numerical Simulation. To simulate the photoconductive prop-
erties of the tip�NW setup, a two-dimentional model was estab-
lished with SENTAURUS TCAD, a commercial package by Synopsys.
The influence of silicon dopants on the dynamic and kinetic proper-
ties of photocarriers are included in the simulation under the
schemesof Shockley�Read�Hall (SRH) recombination andmobility
degradation by impurity scattering, respectively. Also, the effect of
sidewall Fermi level pinning on the radial built-in electrical field
within finite size is taken into account by setting fixed charges on the
nanowire surface. Meanwhile, it is assumed that the undetermined
impactsuponthecarrierdynamicsbyn-typedoping, including those
of the contamination, defects in the NW and on its surface, can be
involved in the effective recombination lifetime during simulation.

For the calculation of the basic transport properties of the
NW, the drift-diffusion transport model is adopted, in which the
distributions of electric potential and current density in NWs can
be derived by solving the coupled Poisson, electron and hole
continuity equations.

rε 3rψ ¼ �q(p � nþNDþ � NA� ) (5)

BJn ¼ �nqμnrφn (6)

BJp ¼ �pqμprφp (7)

where ε is the electrical permittivity,ψ is the electric potential, q
is the elementary electronic charge, n and p are the electron and
hole densities, NDþ is the number of ionized donors, NA

� is the
number of ionized acceptors, BJn , BJp , μn, μp, φn, and φp are the
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current densities, mobilities, and quasi-Fermi potentials of
electrons and holes. The impurity is assumed to be fully ionized,
and the doping-dependentmobility degradation due to ionized
impurity scattering is introduced. Taking into account the
experimental low doping and photoinjection level of NW,
Boltzmann statistics are assumed and the electron and hole
concentrations can be computed from the electron and hole
quasi-Fermi potentials.

Under illumination, the photogeneration rate of electron
and hole pairs is simulated by the raytracing model.44 For the
tip�NW Schottky contact, the thermionic emission and tunnel-
ing effect were considered to calculate the current; the barrier
heightwas decided to be 0.4�0.65 eV for different doping levels
by fitting the I�V curves without intentional excitation, which is
close to the reported value.45

With other parameters set as that of bulk GaAs, two param-
eters were adjusted to quantitatively fit the experimental
photocurrent curves: the excitation intensity, which decides
the magnitude of photocurrent, and the hole lifetime, the
primary parameter to determine the increasing tendency of
photocurrent against bias voltage. As shown in Figure 10, the
hole lifetime in individual NWs can then be extracted from
fitting with uncertainty less than (30% for both saturated and
linear photoconductive responses.

It is worthwhile to outline the applicable range of simulating
the carrier lifetime from the photoelectric behavior. As dis-
cussed in the context related to Figure 6, the fitting is based on
the bias-dependent LD/Lp, namely, the relative increment of
depletion length of Schottky barrier against the diffusion length
of minority carrier. Thus the method is relatively accurate in
deciding the hole lifetime with high ΔLD(V)/Lp, for instance, the
system with low diffusion length as in the doped wires studied
here. On the other hand, it will be less effective when the drift of
carriers starts to dominate the photocurrent since the impact of
carrier lifetime on the photo-IVwill beweakened. Consequently,
the method is unavailable in the case that the NW is fully
depleted by a high reverse bias voltage.
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