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Long minority carrier lifetime in Au-catalyzed GaAs/AlxGa12xAs
core-shell nanowires
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GaAs/AlxGa1�xAs core-shell nanowires were grown by metal organic chemical vapor deposition

with optimized AlxGa1�xAs shell and twin-free Au-catalyzed GaAs cores. Time-resolved

photoluminescence measurements were carried out on single nanowires at room temperature,

revealing minority carrier lifetimes of 1.02 6 0.43 ns, comparable to self-assisted nanowires grown

by molecular beam epitaxy. The long minority carrier lifetimes are mainly attributed to

improvement of the GaAs/AlxGa1�xAs interface quality. The upper limit of surface recombination

velocity of the structure is calculated to be 1300 cm/s with the AlxGa1�xAs shell grown at 750 �C,

which is comparable with planar double heterostructures. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4735002]

Semiconductors nanowires (NWs) are promising for

applications in future photonic and electronic devices.1–3

Thus, it is of great importance to develop optimized growth

procedures for producing high quality NWs. With their direct

band gap and high electron mobility, GaAs NWs are consid-

ered to be a prime candidate for advanced optoelectronic

devices. However, the electronic performance—i.e., carrier

lifetime and mobility—of GaAs NWs has yet to match that

of state-of-the-art planar GaAs devices.2,4 The present defi-

ciency is typically attributed to the large surface-to-volume

ratio inherent to NWs,5 and the tendency for non-radiative

recombination centers to form at the surface or interface.

The minority carrier lifetime (smc) and surface/interface

recombination velocity (S), which in part determine the

optoelectronic device performance, have been well studied

in GaAs epilayers. When high quality epitaxial passivation

layers were used, smc as long as micro-seconds have been

observed and virtually “surface-effect-free” GaAs epilayers

have been reported.6–8 In comparison, there are few pub-

lished reports of the smc and S in GaAs NWs. Long smc

(�2 ns) were observed in self-assisted GaAs NWs grown by

molecular beam epitaxy (MBE),9,10 however, only �30 ps

smc have so far been reported in Au-catalyzed NWs grown

by metal organic chemical vapor deposition (MOCVD)11 de-

spite the industrial importance of this growth technique.

Many non-radiative recombination pathways are known

for carriers in GaAs; for instance, bulk defects and surface

states are known to play varying roles for materials with

low-temperature growth12 and large surface-to-volume ra-

tio.7 NWs are known to suffer from both of these effects. It

is well established that covering the GaAs surface with an

AlxGa1�xAs layer is an effective method to reduce non-

radiative carrier recombination at the surface.6,13 The

AlxGa1�xAs layer, with a wider band gap and negligible lat-

tice mismatch, reduces the electronic surface states of GaAs.

The effect of bulk defects is also evident for NWs with pla-

nar defects, where the temperature dependence of photolumi-

nescence (PL) measurements from single core-shell

GaAs/AlxGa1�xAs NWs with GaAs core grown at 450 �C
shows rapid PL quenching above 120 K.14 This has been

markedly improved by optimizing the quality of GaAs core

with significant reduction in the number of twin defects and

by adding a thin outer “capping” shell of GaAs to prevent

oxidation of the AlxGa1�xAs shell.11,15 At low temperature,

nearly intrinsic exciton lifetimes have been observed for

such NWs.15 However, the same NWs showed rather poor

carrier lifetimes at room temperature.11 To improve the

room temperature carrier lifetime, we have optimized the

structure by changing the AlxGa1�xAs shell growth condi-

tions. In this study, we demonstrate that nanosecond smc can

be achieved in GaAs/AlxGa1�xAs/GaAs core-shell-cap NWs

with the shells deposited at a high temperature (750 �C).

GaAs core NWs were grown using MOCVD following

the two-temperature procedure developed by Joyce et al.16

Trimethylgallium (TMGa), trimethylaluminum (TMAl), and

arsine (AsH3) were used as the Ga, Al, and As source materi-

als, respectively. Au particles of 50 nm diameter were dis-

persed on GaAs (111) B substrate, and GaAs NW cores were

first nucleated at 450 �C for 1 min followed by 45 min growth

at 375 �C. Figure 1(a) shows a field emission scanning elec-

tron microscopy (FESEM) image of such GaAs NWs. All

NWs grew vertically on the substrate in the [111] direction

with uniform diameters of 53 6 5 nm. The two temperature

growth has significant advantages in minimizing undesirable

radial growth and eliminating twin defects to provide a high

quality GaAs core.16 An AlxGa1�xAs shell was grown at

750 �C for 3 min with an Al mole fraction in the vapor phase,

xv [TMAl]/([TMGa]þ [TMAl]), of 0.5. The AlxGa1�xAs

shell grew uniformly surrounding the core NWs, resulting in

smooth parallel sidewalls with minimum tapering except at

the base (Figure 1(b)). The diameter of the NWs after shell

growth was determined to be 91 6 5 nm and from this, a 19-

nm-thick AlxGa1�xAs layer was deduced. Finally, an outer

GaAs shell was deposited around the NWs to act as a cap

layer to prevent oxidation of AlxGa1�xAs. The total diameter

of the core-shell-cap NWs was measured to be 108 6 10 nm

(Figure 1(c)).

a)Author to whom correspondence should be addressed. Electronic mail:

nxj109@physics.anu.edu.au.
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Single NW PL measurements were carried out at room

temperature in air. A 522 nm solid state pulsed laser was

used, providing 0.5–2.0 lW (<0.1 pJ/pulse) within a 1.5 lm

diameter focal spot through a 100� objective lens. The exci-

tation power was reduced until all band gap renormalization

and band filling effects were eliminated.17 The emitted PL

was detected using a monochromator and a cooled CCD (for

spectral information) or a single photon avalanche photo-

diode and a time-correlated single photon counting system

(for lifetime data) with an instrument response of �50 ps at

full-width-at-half-maximum. Ten NWs were chosen for both

PL and time-resolved PL measurements. A typical PL spec-

trum of a single NW is shown in Figure 2(a). An emission

peak at 1.425 eV is observed, corresponding to zinc-blende

GaAs band edge emission at room temperature.18 All the

measured NWs showed very strong PL emission, while no

PL signal could be detected for bare GaAs NWs, indicating

the efficient reduction of non-radiative recombination at the

GaAs/AlxGa1�xAs interface of the NWs.

Time-resolved PL from single NWs was measured at the

peak emission energy of (1.425 6 0.002) eV. As room tem-

perature emission is measured, it is expected that the PL life-

time is equivalent to the smc.
13 Figure 2(b) displays two

typical time-resolved PL decays with mono-exponential fits.

The average carrier lifetime is 1.02 ns with a wire-to-wire

standard deviation of 0.43 ns. The longest observed smc is

1.66 ns for NW1 (Figure 2(b)). The lifetime obtained here is

almost two orders of magnitude longer than the lifetime of

NWs grown with the same core growth parameters reported

using transient terahertz photoconductivity measurements,11

and comparable to that observed for self-assisted NWs

grown by MBE.9,10

The temperature dependence (10 K–300 K) of the PL

lifetimes of the NWs with AlxGa1�xAs (xv¼ 0.5) grown at

750 �C from 10 K to 300 K is shown in Figure 3. The PL life-

times are distributed in the vicinity of 1 ns without obvious

variation with temperature. While at low temperature, the

recombination can be considered to be dominated by the

radiative decay of excitons,13 the purely radiative lifetime is

known to increase with T3/2 as the excitons split into free

electron-hole pairs above �50 K.13,19 Since this trend cannot

be observed in Figure 3, an additional non-radiative recombi-

nation path must be present and dominates at higher temper-

ature. The microscopic nature of this non-radiative

recombination pathway cannot easily be determined. Never-

theless, inferences can be drawn from a comparison of these

NWs with similar GaAs/AlxGa1�xAs NWs which were

grown under different conditions.

Both the NWs in this study and those in Ref. 11 were

grown with the GaAs core using the same two-temperature

procedure. The differences between them are the growth

temperature (750 �C and 650 �C, respectively) and nominal

Al vapor mole fraction (xv¼ 0.5 and 0.26, respectively) in

the AlxGa1�xAs shell.11 Considering the near intrinsic exci-

ton lifetimes of GaAs/AlxGa1�xAs (xv¼ 0.26) NWs at low

temperature,15 the poor smc at room temperature is unex-

pected and may be explained by an insufficient barrier height

FIG. 1. FESEM images of (a) bare GaAs NWs, (b) GaAs/AlxGa1�xAs core-

shell NWs, and (c) GaAs/AlxGa1�xAs/GaAs (xv¼ 0.5) core-shell-cap NWs.

Scale bars are 1 lm.
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FIG. 2. (a) Typical room temperature PL spectrum from single

GaAs/AlxGa1�xAs (xv¼ 0.5) NWs showing a peak emission at 1.425 eV.

The inset shows an optical microscope image of the excited NW. The scale

bar is 6 lm. (b) Low power time-resolved PL at the peak emission energy of

1.425 eV from two single GaAs/AlxGa1�xAs (xv¼ 0.5) NWs. Mono-

exponential fits are shown for each decay, with smc as shown.
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FIG. 3. Temperature dependence of the carrier lifetimes of GaAs/

AlxGa1�xAs (xv¼ 0.5) NWs. Lifetimes are scattered around 1 ns and do not

show obvious temperature dependency.
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in the shell. X-ray diffraction measurements (not shown)

were carried out on the NWs with the AlxGa1�xAs (xv¼ 0.5)

shell grown at 750 �C, revealing only about 20% Al in the

AlxGa1�xAs shell (i.e., x¼ 0.2). This could be due to the dif-

ferent sticking coefficients and surface diffusion lengths of

Ga and Al species on (110) facets.20 In addition, composi-

tional non-uniformity of the AlxGa1�xAs layers in non-

planar epitaxial growth has also been reported.20–22 Thus, it

is possible that lower Al concentration within the GaAs/Alx-

Ga1�xAs (xv¼ 0.26) NWs grown at 650 �C combined with

local variations may have given rise to regions of insufficient

confinement such that some carriers might have diffused

from the GaAs core through the shell to the free NW surface.

This would explain the relatively short smc in Ref. 11 at

room temperature. Measurements were also carried out for

NWs with AlxGa1�xAs shell grown at the same temperature

(650 �C) but with xv¼ 0.5 (not shown). Indeed, these results

show that the smc are increased 7-fold to 200 ps, indicating

better confinement within the GaAs core. However, this is

still significantly shorter than that observed in Figure 2, with

an AlxGa1�xAs (xv¼ 0.5) shell grown at 750 �C. Therefore,

enhanced confinement cannot be the only factor for the

observed improvement in smc.

In order to show that the shell growth temperature itself

plays a central role in determining smc, similar PL measure-

ments were carried out on NWs with identical core-shell

structures (xv¼ 0.5) but a slightly lower shell growth tem-

perature of 700 �C. The results are shown in Figure 4. The

emission spectra display a shape similar to that in Figure

2(a) for identical excitation power, but the PL peak intensity

is much lower than that of the NWs with shell grown at

750 �C. Time-resolved PL measurements were taken for a

few NWs at 1.425 eV and typical decays of two single NWs

are displayed in Figure 4(b). All the NWs exhibited shorter

lifetimes with 360 ps being the longest observed. Thus, the

increase of shell growth temperature from 700 �C to 750 �C
leads to a 4-fold increase in smc. A similarly strong effect of

growth temperature on smc has been reported for planar

GaAs/AlxGa1�xAs double heterostructures.13,23 This result

clearly shows the positive correlation between increased

shell growth temperature and smc of the NWs.

A careful comparison with planar GaAs/AlxGa1�xAs

double heterostructures can assist in the identification of the

dominant non-radiative recombination path. To this end, it is

very instructive to consider the surface recombination veloc-

ity, S, which can be thought of as a measure of surface/inter-

face quality independent of the sample surface-to-volume

ratio. By attributing all the non-radiative losses to surface/

interface recombination in our NWs, an upper limit to the

surface recombination velocity (Smax) can be calculated by

1/s¼ 4Smax/d,9 resulting in Smax¼ 1300 cm/s, where s is the

measured lifetime and d is the NW core diameter. To put

this into perspective, established values for S range from

around 1000 cm/s for decent GaAs/AlxGa1�xAs heterointer-

faces grown by MOCVD at 750 �C,13,24 to 5500 cm/s as well

as 34 000 cm/s for NaS2-passivated and bare GaAs surfaces,

respectively.6 Thus, the GaAs/AlxGa1�xAs core-shell hetero-

interface in our nanowires grown at 750 �C can be consid-

ered to be almost as good as in comparable planar double

heterostructures and additional non-radiative recombination

centres need not necessarily be significant.

Recently, Breuer et al. questioned the suitability of GaAs

NWs grown using Au for high efficiency optoelectronic appli-

cations because they found considerably shorter smc in GaAs/

AlxGa1�xAs core-shell NWs for Au-assisted (5 ps) compared

to self-assisted NWs (2.5 ns) using MBE growth.9 By compar-

ing the smc of Au-assisted GaAs core-shell NWs with the self-

assisted GaAs NWs, they suggested an attribution of the dras-

tic difference of smc to Au related deep traps.9 Although Au

atoms have been observed in Au-assisted GaAs NWs grown

by MBE recently,25 it is still not confirmed whether Au atoms

are incorporated into NWs under our MOCVD growth condi-

tions. At any rate, despite the possibility of Au incorporation

during GaAs NW core growth, the NWs with AlxGa1�xAs

shell grown at 750 �C presented in this study exhibit carrier

lifetimes that are very comparable with that of the self-

assisted NWs of Ref. 9. The long carrier lifetimes of our NWs

indicate that: either (1) no Au incorporation occurred during

the low temperature (375 �C) growth of the GaAs NW core or

(2) any traces of incorporated Au atoms are not acting as non-

radiative centers.

In summary, high quality GaAs/AlxGa1�xAs NWs have

been grown with Au seeding particles by MOCVD. Their

minority carrier lifetimes at room temperature of

1.02 6 0.43 ns are almost two orders of magnitude longer

than that of similar Au-catalyzed NWs reported earlier and

comparable with those achieved by self-assisted growth. A

minimum Al vapor mole fraction appears to be critical to

obtain sufficient confinement of carriers in the core at room

temperature. Moreover, a high AlxGa1�xAs shell growth

temperature has been demonstrated to lead to a significant

increase of the minority carrier lifetimes, which we suggest

is mainly the result of an improvement of the GaAs/

AlxGa1�xAs interface quality. These results show that it is

possible to grow high quality NWs with excellent minority

carrier lifetimes by MOCVD using Au particle seeds, which

are essential for efficient NW devices.
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FIG. 4. Typical room temperature (a) single NW PL spectrum and (b) time-

resolved PL transient from two single GaAs/AlxGa1�xAs NWs with

AlxGa1�xAs (xv¼ 0.5) shell grown at 700 �C. Mono-exponential fits are

shown for each decay, with smc as shown.

023111-3 Jiang et al. Appl. Phys. Lett. 101, 023111 (2012)

Downloaded 11 Jul 2012 to 150.203.181.160. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



The Australian Research Council is acknowledged for

the financial support and the authors acknowledge the use of

facilities in the Centre for Advanced Microscopy (AMMRF

node) and the ACT node of the Australian National Fabrica-

tion Facility for this work.

1K. Q. Peng and S. T. Lee, Adv. Mater. 23, 198 (2011).
2J. A. Czaban, D. A. Thompson, and R. R. LaPierre, Nano Lett. 9, 148

(2009).
3A. I. Hochbaum and P. D. Yang, Chem. Rev. 110, 527 (2010).
4M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and E. D. Dunlop, Prog.

Photovoltaics 20, 12 (2012).
5N. Tajik, Z. Peng, P. Kuyanov, and R. R. LaPierre, Nanotechnology 22,

225402 (2011).
6D. J. Wolford, G. D. Gilliland, T. F. Kuech, J. F. Klem, H. P. Hjalmarson,

J. A. Bradley, C. F. Tsang, and J. Martinsen, Appl. Phys. Lett. 64, 1416

(1994).
7R. J. Nelson and R. G. Sobers, J. Appl. Phys. 49, 6103 (1978).
8D. J. Wolford, G. D. Gilliland, T. F. Kuech, L. M. Smith, J. Martinsen, J.

A. Bradley, C. F. Tsang, R. Venkatasubramanian, S. K. Ghandi, and H. P.

Hjalmarson, J. Vac. Sci. Technol. B 9, 2369 (1991).
9S. Breuer, C. Pfuller, T. Flissikowski, O. Brandt, H. T. Grahn, L. Geelhaar,

and H. Riechert, Nano Lett. 11, 1276 (2011).
10L. Prechtel, M. Padilla, N. Erhard, H. Karl, G. Abstreiter, A. F. I. Morral,

and A. W. Holleitner, Nano Lett. 12, 2337 (2012).
11P. Parkinson, H. J. Joyce, Q. Gao, H. H. Tan, X. Zhang, J. Zou, C. Jagad-

ish, L. M. Herz, and M. B. Johnston, Nano Lett. 9, 3349 (2009).

12F. W. Smith, H. Q. Le, V. Diadiuk, M. A. Hollis, A. R. Calawa, S. Gupta,

M. Frankel, D. R. Dykaar, G. A. Mourou, and T. Y. Hsiang, Appl. Phys.

Lett. 54, 890 (1989).
13R. K. Ahrenkiel, Solid-State Electron. 35, 239 (1992).
14L. V. Titova, T. B. Hoang, H. E. Jackson, L. M. Smith, J. M. Yarrison-

Rice, Y. Kim, H. J. Joyce, H. H. Tan, and C. Jagadish, Appl. Phys. Lett.

89, 173126 (2006).
15S. Perera, M. A. Fickenscher, H. E. Jackson, L. M. Smith, J. M. Yarrison-

Rice, H. J. Joyce, Q. Gao, H. H. Tan, C. Jagadish, X. Zhang, and J. Zou,

Appl. Phys. Lett. 93, 53110 (2008).
16H. J. Joyce, Q. Gao, H. H. Tan, C. Jagadish, Y. Kim, X. Zhang, Y. N. Guo,

and J. Zou, Nano Lett. 7, 921 (2007).
17L. V. Titova, T. B. Hoang, J. M. Yarrison-Rice, H. E. Jackson, Y. Kim, H.

J. Joyce, Q. Gao, H. H. Tan, C. Jagadish, X. Zhang, J. Zou, and L. M.

Smith, Nano Lett. 7, 3383 (2007).
18L. Pavesi and M. Guzzi, J. Appl. Phys. 75(10), 4779 (1994).
19M. Gurioli, A. Vinattieri, M. Colocci, C. Deparis, J. Massies, G. Neu, A.

Bosacchi, and S. Franchi, Phys. Rev. B 44, 3115 (1991).
20W. G. Pan, H. Yaguchi, K. Onabe, R. Ito, and Y. Shiraki, Appl. Phys. Lett.

67, 959 (1995).
21M. E. Hoenk, C. W. Nieh, H. Z. Chen, and K. J. Vahala, Appl. Phys. Lett.

55, 53 (1989).
22G. Biasiol, F. Reinhardt, A. Gustafsson, E. Martinet, and E. Kapon, Appl.

Phys. Lett. 69, 2710 (1996).
23R. K. Ahrenkiel, M. M. Aljassim, B. Keyes, D. Dunlavy, K. M. Jones, S.

M. Vernon, and T. M. Dixon, J. Electrochem. Soc. 137, 996 (1990).
24R. K. Ahrenkiel, in Semiconductors and Semimetals, edited by K. A. Rich-

ard and S. L. Mark (Elsevier, 1993), Vol. 39, p. 39.
25M. Bar-Sadan, J. Barthel, H. Shtrikman, and L. Houben, Nano Lett. 12,

2352 (2012).

023111-4 Jiang et al. Appl. Phys. Lett. 101, 023111 (2012)

Downloaded 11 Jul 2012 to 150.203.181.160. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1002/adma.201002410
http://dx.doi.org/10.1021/nl802700u
http://dx.doi.org/10.1021/cr900075v
http://dx.doi.org/10.1002/pip.2163
http://dx.doi.org/10.1002/pip.2163
http://dx.doi.org/10.1088/0957-4484/22/22/225402
http://dx.doi.org/10.1063/1.111901
http://dx.doi.org/10.1063/1.324530
http://dx.doi.org/10.1116/1.585705
http://dx.doi.org/10.1021/nl104316t
http://dx.doi.org/10.1021/nl300262j
http://dx.doi.org/10.1021/nl9016336
http://dx.doi.org/10.1063/1.100800
http://dx.doi.org/10.1063/1.100800
http://dx.doi.org/10.1016/0038-1101(92)90228-5
http://dx.doi.org/10.1063/1.2364885
http://dx.doi.org/10.1063/1.2967877
http://dx.doi.org/10.1021/nl062755v
http://dx.doi.org/10.1021/nl071733l
http://dx.doi.org/10.1063/1.355769
http://dx.doi.org/10.1103/PhysRevB.44.3115
http://dx.doi.org/10.1063/1.114708
http://dx.doi.org/10.1063/1.102263
http://dx.doi.org/10.1063/1.117686
http://dx.doi.org/10.1063/1.117686
http://dx.doi.org/10.1149/1.2086595
http://dx.doi.org/10.1021/nl300314k

