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ABSTRACT 

Time-resolved photoluminescence (TRPL) has been implemented experimentally to measure the carrier 

lifetime of semiconductors for decades. For the characterization of nanowires, the rich information 

embedded in TRPL curves has not been fully interpreted and meaningfully mapped to the respective 

material properties. This is because their three-dimensional (3-D) geometries result in more complicated 

mechanisms of carrier recombination than those in thin films and analytical solutions cannot be found for 

those nanostructures. In this work, we extend the intrinsic power of TRPL by developing a full 3-D 

transient model, which accounts for different material properties and drift-diffusion, to simulate TRPL 

curves for nanowires. To show the capability of the model, we performed TRPL measurements on a set of 

GaAs nanowire arrays grown on silicon substrates and then fit the measured data by tuning various 

material properties, including carrier mobility, Shockley-Read-Hall recombination lifetime, and surface 

recombination velocity at the GaAs-Si heterointerface. From the resultant TRPL simulations, we 

numerically identify the lifetime characteristics of those material properties. In addition, we 

computationally map the spatial and temporal electron distributions in nanowire segments and reveal the 

underlying carrier dynamics. We believe this study provides a theoretical foundation for interpretation of 

TRPL measurements to unveil the complex carrier recombination mechanisms in 3-D nanostructured 

materials.  
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Introduction  

The bottom-up growth of vertical nanowires enables heteroepitaxy with large lattice mismatch due to 

elastic deformation occurring at heterogeneous interfaces.
1, 2

 This capability leads to the integration of III-

V nanowire-based electrical and optical devices on silicon platforms, including field-effect transistors,
3-5

 

lasers,
6-9

 light-emitting diodes,
10-18

 photodetectors,
19, 20

 and solar cells.
21-26

 To develop those devices with 

high performance, it is important to explore material properties and understand carrier dynamics in 

nanowires. However, the characterization of nanowires is challenging, much more so than that of thin 

films. This is because the three-dimensional (3-D) geometries of nanowires have much larger surface-to-

volume ratios and smaller cross-sections at the nanowire-substrate heterointerfaces, and therefore 

analytical solutions cannot be found for such nanostructures.  

 Over the last decade, remarkable advances in material characterization have taken place, enabling 

the study of the material properties and carrier dynamics of III-V (or Si) nanowires. A commonly used 

contactless optical probing technique known as time-resolved photoluminescence (TRPL) measures the 

temporal decay of radiative recombination and interprets carrier lifetime that reflects the dynamic process 

of carriers and intrinsic recombination mechanisms. For example, lifetime measurements of GaAs 

nanowires grown on Si have been attempted to explore trap-induced nonradiative recombination and 

twinning under various growth conditions and to study surface passivation by introducing an AlGaAs 

shell.
23, 27-29

 Unfortunately, the real-time motion of carriers has not been interpreted, and the interaction of 

carriers with heterointerfaces and local defects remains unclear. Alternatively, time-resolved THz 

spectroscopy (also called “optical pump-THz probe”) is able to observe relative changes of nanowire trap 

density and carrier mobility by fitting to analytical equations.
30-33

 Furthermore, spatially-separated 

femtosecond pump-probe microscopy is capable of imaging the temporal migration of carriers in 

individual nanowires with picosecond temporal resolution, which has been implemented to study 

diameter-dependent carrier lifetime and recombination mechanisms in Si nanowires.
34-37

 However, neither 

spectroscopy technique is capable of extracting information at the nanowire-substrate interface since 
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nanowires need to be mechanically transferred onto quartz substrates because of either absorption in 

semiconductor substrates in the THz regime or limitations of the experimental setup. To accurately 

characterize nanowire properties, which is critical to the development of high-performance devices, the 

nanowire-substrate interface needs to be included. A probing technique called two-photon optical-beam-

induced current (TOBIC) has been applied to map 3-D photocurrent current responses for free-standing 

GaAs photovoltaics grown on GaAs substrates.
38

 Still, it has not been adopted to reconstruct the real-time 

carrier transport or extract multiple material properties. 

 Although TRPL is traditionally used to measure carrier lifetimes and infer recombination 

mechanisms, we believe the rich physics underlying TRPL can be harnessed to concurrently explore 

multiple material properties that reflect the complex carrier dynamics in III-V nanowires with nanowire-

substrate heterointerfaces. This is because the overall lifetime is influenced by the carrier dynamics 

resulting from not only one but multiple mechanisms. In other words, the lifetime and material properties 

of a nanowire are related, but not in a simple one-to-one correlation, and this is mainly due to the fact that 

the carrier motion is in a 3-D space. Since changing only one of these mechanisms is experimentally 

impractical, we develop a 3-D TRPL transient model and take a simulation approach to investigate the 

correlation between lifetime and material properties for nanowires. Without losing generality, we consider 

three important material properties, namely, mobility (µ), Shockley-Read-Hall (SRH) recombination 

lifetime (τSRH), and nanowire-substrate heterointerface recombination velocity (Sn). To validate the model 

and demonstrate the concept, we study the case of p-type GaAs nanowires on silicon substrates. We 

measured the minority (electron) carrier lifetime (τn) of p-type GaAs nanowires by TRPL and performed 

numerical simulations to fit the measured TRPL curves. By tuning the material properties of GaAs 

nanowire segments as well as GaAs seeding layers, we study the impact of those properties on τn and 

further identified their lifetime characteristics. Finally, we tabulate the values of material properties based 

on the simulation results and interpret the carrier dynamics by mapping spatial electron distribution as a 

function of time. Note that we used patterned selective-area epitaxy (SAE) for nanowire growth because 
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the engineered placement of nanowires, e.g., identical periodicity,
39-41

 results in almost identical optical 

absorption for each nanowire in the array (except the nanowires close to the edges of array where 

periodicity fails). Again, by using our 3-D computational transient model, we have quantitively studied 

the impact of each material property on τn and the carrier dynamics, and reconstructed real-time carrier 

dynamics in those 3-D structures. We believe this work will trigger additional experimental and 

theoretical work and unveil the real strength of TRPL for exploring carrier dynamics in nanowires and 

nanostructured materials.  

Simulation and experimental section 

Instruction of 3-D transient model 

Our 3-D computational transient model of nanowire was set up by Synopsys
®
 Sentauras TCAD to mimic 

a TRPL measurement process. The output of the simulation is the temporal optical emission from band-

to-band radiative recombination, i.e., emission intensity as a function of time, in response to a picosecond 

laser pulse. A diagram of the simulation process composed of three major steps is shown in Fig. 1. First, 

we constructed a unit cell including a nanowire, dielectric mask, substrate, and ambient air. The 

dimensions of the nanowire, i.e., height and diameter, can be defined by either scanning electron 

microscope (SEM) or cross-sectional transmission electron microscopy (TEM) measurements. Then, we 

computed the optical generation (in units of cm
-3

s
-1

) in the nanowire using normally incident light by 

finite-difference time-domain (FDTD). Next, by combining the Poisson equation, current-density 

equation, and continuity equation in the transient model, we calculated the temporal band-to-band 

radiative recombination in a nanowire segment by coupling temporal optical generation. To reproduce the 

TRPL measurement, we specified time dependency for transient simulations by setting the optical signal 

profile as a Gaussian function to mimic a picosecond laser pulse. As mentioned above, three types of 

material properties were set as variables: mobility (µ), SRH recombination lifetime (τSRH), and surface 

recombination velocity (Sn) at the interface with the substrate.  More explanation of material properties 

will be given later. Finally, carrier lifetime τ was extracted by fitting to an exponential equation with a 
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single decay exp(-t/τ). We computationally mapped the spatial and temporal carrier distributions in 

nanowire segments to reveal the underlying carrier dynamics. Note that we used a low excitation 

condition in simulations and thus the lifetime τ was minority carrier lifetime.  

A case of GaAs nanowires on Si 

To experimentally validate the 3-D TRPL transient model, we study the case of p-type GaAs nanowires 

grown on p-type Si substrates. The lattice mismatch between GaAs and Si is about 4.1%, and electrons 

were considered the minority carriers. We first performed a series of growths of Zn-doped GaAs 

nanowires on lightly boron-doped Si (111) wafers by selective-area metal-organic chemical deposition 

(SA-MOCVD). The diameter and pitch of the nanoholes were 80 nm and 800 nm, respectively, defined 

by electron-beam lithography (EBL). The size of the arrays was designed as 50 × 50 µm
2
, much larger 

than the laser spot size. Prior to the growth of the nanowire segment, a thin GaAs seeding layer was 

introduced as a buffer to achieve high vertical yield and high uniformity across the nanowire array. To 

vary the GaAs-Si heterointerface material quality, five different growth temperatures for the seeding 

layers (TSeed)—450°C, 550°C, 600°C, 625°C, and 650°C—were used, while the nanowire growth 

temperature remained fixed at 730°C. The nanowires were passivated in-situ by a lattice-matched 

AlGaAs shell followed by a thin GaAs shell to reduce surface recombination at the semiconductor-to-air 

interface. We have labelled these five samples according to different seeding layer growth temperatures: 

Sample A (450°C), Sample B (550°C), Sample C (600°C), Sample D (625°C), and Sample E (650°C), 

respectively. More details of nanowire growth are given in the ESI.† 

Next, the minoirty (electron) carrier lifetimes (τn) of Samples A to E for band-to-band 

recombination (875 nm) were carried out by TRPL at room temperature (300 K) using a pulsed laser 

operated at 633 nm with a repetition rate of 40 MHz and a pulse width of 30 ps. The lifetimes were taken 

on the as-grown nanowire arrays. The laser power density was calibrated to 178 W/cm
2
. Note that the 

laser pump power was kept relatively low in order to consider electrons as minority carriers. As shown in 

the later discussion (in Fig. 8), the density of excess electrons is about 1×10
16

 cm
-3

 – 1×10
17

 cm
-3

, and thus 
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filling of traps was not likely. The measured TRPL curves are shown in Fig. 2, and the extracted τn as a 

function of TSeed is summarized in the inset. To obtain τn, the TRPL curves between 0.4 ns and 1.4 ns were 

fitted by a single exponential decay expressed as exp(-t/τ). The calculated τn of Samples A to E were 0.52 

ns, 0.84 ns, 1.25 ns, 0.73 ns, and 0.60 ns, respectively. Further details of optical characterization are given 

in the ESI.† 

Model setup 

Recall that the entire simulation started with the construction of a 3-D model based on actual nanowire 

dimensions. Thus, we first measured the dimensions—height and diameter—of Samples A through E by 

SEM, and investigated the cross-sections of nanowires by TEM. A 30°-tilted SEM image of GaAs 

nanowire array Sample C (600°C) is shown in Fig. 3(a). More SEM images of other samples can be found 

in Fig. S2 (ESI†). Clearly, Samples B through D show high vertical yield—nearly 100% for Samples B 

and C and over 85% for Sample D—similar to the growth of un-doped GaAs nanowires by SA-

MOCVD.
42

 In contrast, Samples A and E show a much lower vertical yield with some randomly located 

irregular polycrystalline structures and tilted nanowires. The average height and diameter of the vertical 

nanowires are 740 nm and 135 nm, respectively, as shown in Fig. S3 (ESI†) – all samples show a good 

uniformity, with a variation of no more than 6 nm. Sample C (600°C) was prepared for TEM analysis by 

focus ion beam (FIB) milling, and an FEI T12 TEM was operated in bright field to study the GaAs-Si 

heterointerface regions and the GaAs nanowire segments, as shown in Fig. 3(b). Crystal defects—zinc-

blende (ZB)–wurtzite (WZ) polytypisms and stacking faults—were observed, which was expected in 

patterned SAE growth of III-V nanowires. Interestingly, the seeding layer growth was initiated beneath 

the SiNx growth mask, and a trapezoid-shaped GaAs crystalline structure was formed, with a thickness of 

6 nm to 7 nm (more details in the ESI†). It was expected that the GaAs seeding layer would fill up to the 

top of the SiNx mask, as shown in a previous study for InGaAs nanowire growth on Si with GaAs stub 

(Fig. S6, Ref. 7).  Thus, the growth beneath the mask was included in the 3-D model. 
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A cross-sectional schematic diagram of the 3-D model composed of a GaAs nanowire and Si 

substrate is illustrated in Fig. 3(c), along with a close-up look of the seeding layer segment and GaAs-Si 

heterointerface. The dimensions characterized by TEM are labelled. No threading dislocations or 

antiphase domains (APDs) were found at GaAs-Si heterointerfaces. To simplify the simulation structure, 

we made several assumptions. First, the nanohole and trapezoid-shaped segments were fully covered by 

GaAs seed, and their geometries were appoximated as cylindrical, which was similar to the GaAs stubs 

shown in a previous work (Fig. S6, Ref. 7). Second, since the thickness of the AlGaAs passivation layer 

was estimated as only 5 nm to 10nm, it was not included in the schematics; instead, we simplified its 

structure by introducing surface recombination velocity at GaAs/air interfaces on six (110) sidewalls of 

GaAs nanowires. The energy-band diagram as well as the quasi-Fermi level of the segment along the 

GaAs-Si heterointerface is schematically shown in Fig. 3(c) as well, and the interface states, i.e., traps, 

that result in nonradiative recombination are illustrated.  

Optical simulation 

After building the 3-D geometry, we moved on to the optical simulation. To precisely replicate the TRPL 

measurement in the simulation, we defined the optical wavelength as 633 nm and the optical power 

density as 178 W/cm
2
. Periodic boundary conditions were used in X and Y directions, while perfectly 

matched layer absorbing boundary was used in Z direction. Fig. 4 shows the simulated optical generation 

along the cross-section of nanowire (Y-Y plane). Compared with GaAs segments, optical absorption in 

the Si substrate was much less due to its smaller absorption coefficient. Note that the photogenerated 

carriers were mostly concentrated in the top and bottom regions of the nanowire as well as the area near 

the GaAs-Si heterointerface. This can be explained by optical resonant-guided modes that increase the 

electromagnetic field intensity resulting from the coupling of the normally incident light to low-Q modes 

of the periodic 3-D structures, which is essentailly different compared with any thin-films. 

Electrical transient simulation and material parameters 
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The last step was to perform transient simulations of band-to-band radiative recombination of GaAs 

segments (including GaAs seeding layers) at 875 nm by coupling drift-diffusion and continuity equations 

with optical generation solved by FDTD. Since the repetition rate of laser pulse was 40 MHz, far beyond 

the time required for the system to revert to equilibrium, we only simulated one cycle of TRPL. To 

reproduce a transient process, we treated the temporal profile of the ‘laser beam’ as a Gaussian 

distribution — the pulse peaked at 60 ps and the pulse width was defined as 30 ps. 

As mentioned above, three types of material properties were included in the model: mobility (µ), 

SRH recombination lifetime (τSRH), and surface recombination velocity (Sn) at the interface. Therefore, 

there were five variables in total: the electron mobility of the nanowire (µn_wire) and the seeding layer 

(µn_seed), the SRH recombination lifetime of the nanowire (τSRH_wire) and the seeding layer (τSRH_seed), and 

surface recombination velocity (Sn_hetero) at GaAs-Si heterointerface. The material properties of Samples B 

to D will be determined later by fitting to the experimental TRPL curves in Fig. 2. Samples A and E were 

not included in the transient simulations due to their low vertical yield, where the optical periodic 

boundary conditions no longer apply. The randomly located irregular polycrystalline structures and tilted 

nanowires shown in Fig. S2 were attributed to the formation of multiple types of nucleation during 

seeding layer growth (more details in the ESI†).
43

 Therefore, it was fair to expect that the material quality 

of seeding layers grown at different temperatures varied. Additionally, crystal defects were clearly 

observed by TEM, and thus the electron mobility of these GaAs nanowires was expected to be much 

lower than that of thin-film GaAs or VLS GaAs nanowires due to stronger scattering. 

Based on an initutive understanding of material properties and their qualities, we set the values of 

each material property as follows to fit TRPL curves: (1) electron mobility of nanowire µn_wire 10 – 500 

cm
2
/(V·s), (2) electron mobility of seeding layer µn_seed 0.5 – 10.0 cm

2
/(V·s), (3) SRH recombination 

lifetime of nanowire τSRH_wire 1.0 ns – 5.0 ns, (4) SRH recombination lifetime of seeding layer τSRH_seed 0.1 

ns – 1.0 ns, and (5) surface recombination velocity at the nanowire-substrate heterointerface Sn_hetero 

1.0×10
0
 cm/s – 1.0×10

6
 cm/s. Note that the nonradiative SRH recombination lifetime was considered as a 
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variable, while a constant radiative recombination coefficient of 2.0×10
-10

 cm
3
/s was applied to both the 

nanowire and the seeding layer segments. Additionally, Auger recombination was not significant due to a 

low level of incident laser power. The hole mobility (µp), i.e., the mobility of the majority carrier, was set 

as 10 times less than the electron mobility (µn) (a default setting). The surface recombination velocity at 

the nanowire-air interface (Sn_air), i.e., at the GaAs/AlGaAs heterointerface, was fixed at 1.0×10
3
 cm/s, 

based on the suggested values in some published studies.
23, 28

 All other material parameters were set as 

default values offered by the material database in the simulator.  

Results and discussion   

Minoirty carrier lifetimes by TRPL measurements 

Compared with the reported studies of intrinsic GaAs nanowires on Si,
27, 44 

the Zn-doped GaAs with a 

600°C seeding layer (Sample C) shows a comparable minority carrier lifetime (τn) of 1.25 ns.
  
Clearly, τn 

is largely affected by the seeding growth temperature (TSeed), as shown in the inset of Fig. 2. Here, we 

note a rapid decrease of τn from 1.25 ns to a much lower value less than 1 ns while TSeed is away from 

600°C, which might be due to an increase of local defect density inside the GaAs seeding layer or at the 

GaAs-Si heterointerface. As expected, τn has a positive correlation with the vertical yield of nanowires 

because intuitively speaking, τn of individual irregular polycrystalline structures should be shorter. Further, 

it is found that although the growth yield and uniformity of Samples B and C are comparable, the carrier 

lifetimes are much different. Thus, we suspect that the quality of GaAs seeding layers have an impact on 

the material properties of the upper GaAs segments – which is a fair assumption for heteroepitaxy. This 

fact, in turn, supports our core arguement that the measured lifetime is a convolution of multiple 

recombination machnisms which cannot be simply deconvolved without detailed analysis of 3-D carrier 

dynamics. In the transient simulations, we take this aspect into account by varying the properties of 

seeding layers and nanowire segments simaultanouly. 

Impacts of material properties on carrier lifetime 
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To study the impact of material properties on carrier lifetime, we first investigate the contributions from 

nanowire electron mobility µn_wire (10 – 500 cm
2
/[V·s]) as well as surface recombination velocity at the 

GaAs-Si heterointerface Sn_hetero (1.0×10
0
 cm/s – 1.0×10

6
 cm/s) while τSRH_wire (5 ns) and τSRH_seed (1 ns) are 

kept fixed. Since the GaAs seeding layer was grown at a much lower temperature, we expect that the 

material quality of the seed would be much different from that of the nanowire, which is similar to the 

case for thin-film low-temperature GaAs (LT-GaAs). As a starting point, we assume µn_seed (1 – 50 

cm
2
/[V·s]) is one tenth of µn_wire (10 – 500 cm

2
/[V·s]). Fig. 5(a) shows a contour plot of τn as a function of 

µn_wire and Sn_hetero, which is also marked by three contour lines at 0.84 ns, 1.25 ns, and 0.73 ns, 

corresponding to the measured τn of Samples B through D, respectively. Note that by only changing 

Sn_hetero,  τn cannot vary from 0.73 ns to 1.25 ns. This is a crucial signal indicating that other material 

properties apart from Sn_hetero must be concurrently changed while the seeding layer growth temperature is 

altered. More simulated τn corresponding to other material properties will be given in the later discussion. 

The variation of τn due to electron mobilities is remarkable – the value spans from 0.029 ns to 

2.042 ns with Sn_hetero of 1.0×10
0
 cm/s while it varies from 0.027 ns to 1.876 ns with Sn_hetero of 1.0×10

6
 

cm/s. It is observed that the change of τn exhibits more significant dependency on electron mobility than 

on surface recombination velocity at the heterointerface. With larger mobility, the diffusion of electrons 

will be enhanced, which can be explained by the Eisntein relation Dn = µnkBT, where Dn is the diffucivity 

of electrons, kB is the Boltzmann constant, and T is the lattice temperature. Due to the large surface-to-

volume ratio of nanowires, the carriers are likely to recombine at the nanowire sidewalls before diffusing 

to the GaAs-Si heterointerfaces, and thus the nonradiative recombination at the GaAs-Si heterointerfaces 

is not a dominant contributor to carrier dynamics. Nonetheless, this might not be the case if the aspect 

ratio of the nanowire, i.e., the ratio of height to diameter, is lower, or the diameter of nanohole is larger, 

where the probobilty for carriers is higher to reach heterointerfaces. Fig. 5(b) illustrates the simulated 

TRPL curves, i.e., radiative recombination of GaAs as a function of time, with a constant Sn_hetero of 

1.0×10
0
 cm/s and a series of µn_wire from 10 cm

2
/(V·s) to 75 cm

2
/(V·s). The intensity of emission reaches a 

maximum at 60 ps and starts to decay along with carrier diffusion and recombination. The overall τn 
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varies from 2.04 ns to 0.55 ns, which reveals the large impact of electron mobility on carrier 

recombination.  Note that the change in τn is almost neligible while Sn_hetero varies within 1.0×10
0
 cm/s – 

1.0×10
3
 cm/s, only becoming noticeable with larger Sn_hetero, suggesting that nonradiative recombination at 

heterointerfaces is dominant compared to recombination at other surfaces.  

So far, we have fixed τSRH_wire at 5 ns and τSRH_seed at 1 ns, which would presumably be high for 

GaAs nanowires grown on Si substrates. Interestingly, we find that τn can be as low as tens of ps with 

high carrier mobility and significant carrier diffusion. Therefore, observing a short carrier lifetime in 

nanowires does not necessarily mean that the actual radiative/nonradiative lifetimes are short or material 

properties are imperfect—the impacts of carrier mobility, nonradiative recombination at surfaces, as well 

as 3-D geometry (surface-to-volume ratio) must be taken into account, and can only be deconvolved using 

a computatiaonal 3-D model. Based on the results given in Fig. 5, it is fair to assume that the simulated τn 

with Sn_hetero of 1.0×10
0
 cm/s sets the upper limit, and the actual τn would be shorter due to smaller values 

of actual τSRH_wire and τSRH_seed. Since µn_wire yields a mobility of 10 – 75 cm
2
/(V·s) (more likely toward 10 

cm
2
/(V·s)), we fix the value at 25 cm

2
/(V·s) in the next step, which is close to a reported carrier mobility 

of 31 cm
2
/(V·s) for p-type GaAs nanowires.

45
 Indeed, we raise a concern in a previous section that the 

quality of seeding layers might affect the material properties of GaAs nanowires, meaning that µn_wire 

might not be a constant in Samples B to D. Still, we intentionally keep µn_wire fixed for the remaining 

simulations for the following reasons. First, the carrier mobility of III-V nanowires is predominantly 

determined by the density of polytypisms and stacking faults, which is found to be related to the growth 

temperature for selective-area GaAs nanowires. Since the nanowire segements are grown at the same 

temperature (730°C),
46

 it is reasonable to assume the carrier mobility remains the same as well. Second, it 

is computationally easier to fix µn_wire in order to unveil the correlations between τn and other materail 

peroperties. 

Next, we vary four other material properties: τSRH_wire (1 ns – 5 ns), τSRH_seed (0.1 – 1.0 ns), Sn_hetero 

(1.0×10
0
 cm/s – 1.0×10

6
 cm/s), and µn_seed (0.5 – 10 cm

2
/[V·s]). Fig. 6(a) shows four 3-D contour plots of 

τn as a function of τSRH_wire, τSRH_seed, and Sn_hetero with a constant µn_seed of 0.5 cm
2
/(V·s), 1.0 cm

2
/(V·s), 5.0 
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cm
2
/(V·s), and 10.0 cm

2
/(V·s), respectively. Similar to the previous case, increasing µn_seed results in a 

decrease of τn, suggesting that carriers tend to diffuse a longer distance to the GaAs-Si heterointerface and 

then recombine. As for SRH recombination, τSRH_wire has a larger impact on τn than τSRH_seed, which is 

because the nanowire segment carries more minority carriers due to its larger spatial volume than the 

seeding layer. As for Sn_hetero, it barely affects τn while it is smaller than 1.0×10
4
 cm/s; however, its impact 

on τn becomes more significant when the value is larger than 1.0×10
4
 cm/s.  

To further investigate the correlation between τn and material properties, we resummarize the 

lifetime information from each coutour plot in Fig. 6(a) and replot it in box charts, as shown in Fig. 6(b). 

Each box (shown in green) in Fig. 6(b) presents a range of τn while altering τSRH_seed (1 ns – 5 ns) and 

Sn_hetero (1.0×10
0
 cm/s – 1.0×10

6
 cm/s) and keeping τSRH_wire and µn_seed fixed. In other words, the box offers 

estimated values of τn for different growth conditions of the GaAs seeding layer and the GaAs-Si 

heterointerface. Moreover, each box chart is labeled with three dashed lines, showing the boundaries of 

measured τn, i.e., 1.25 ns, 0.84 ns, and 0.73 ns, of Samples B to D. Clearly, with decreasing µn_seed,  τn is 

more sensitive to the local nonradiative recombination in seeding layers and nanowire segments due to a 

less significant diffusion of carriers. Additionally, with longer τSRH_wire, it is more likely that electrons in 

the nanowire  segments can diffuse into the seeding layer before being recombined – the overall τn 

exhibits more dependency on material properties of the seeding layer. Thus, we once again conclude that 

τn is not positively correlated to the material quality of either seeding layer or nanowire segment. Without 

determining the carrier mobility, it is nonsensical to attribute measured lifetime to any recombination 

mechanisms.  

We further note that no single box in those four charts is able to cover a full range of τn from 0.73 

ns to 1.25 ns, meaning that τn cannot be varied from 0.73 ns to 1.25 ns by changing either τSRH_seed or 

Sn_hetero. In other words, the variation of lifetime between Samples B to D cannot be simply attribued to a 

difference in GaAs-Si heterointerface quality – other material properties contribute as well. It is highly 

possible that the quality of the GaAs seeding layer has a significant impact on the upper GaAs segment—

the material quality of the nanowire is concurrently degraded while the growth temperature of the seeding 
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layer is lower or higher than 600°C. Although the growth conditions, i.e., growth temperature, growth 

time, and gas flows, of nanowire segments for Samples A to E are consistent, local defects might be 

introduced at the seed-nanowire interface and then affect the growth quality of nanowire segments, which 

eventually causes a difference in nonradiative recombination mechansim in nanowire segments. Note that 

the seeding layer acts as a buffer layer between the lattice mismatched GaAs nanowires and Si substrates. 

It is well known that the quality of this buffer layer affects the quality of the material grown atop in thin-

film epitaxy (e.g. GaAs grown on Si(001))
47-49

 – the same should apply to nanowires. 

Final fitting of material properties 

Equipped with the insights into recombination machnisms of carriers, we now perform a 

numerical analysis to estimate reasonable values of τSRH_wire, τSRH_seed, Sn_hetero and µn_seed. As shown in Fig. 

6(b), with µn_seed = 10.0 cm
2
/(V·s), τn cannot be over 1.25 ns, indicating that the actual mobililty of all 

those samples should be lower. To cover a span of τn from 0.73 ns to 1.25 ns, the ranges of τSRH_wire should 

be within 1.2 ns and 2.3 ns, 1.4 and 2.5 ns, or 1.4 and 4.0 ns for µn_seed = 0.5 cm
2
/(V·s), 1.0 cm

2
/(V·s), or 

5.0 cm
2
/(V·s), respectively. We expect that the material quality of both the nanowire and seeding 

segments of Sample C is the best among all samples. Thus, it is desired that the line of 1.25 ns crosses the 

top portion of the box where τSRH_seed is high and Sn_hetero is low, while the bottom boundary of 0.73 ns 

intersects the bottom part of the box.  It is more likely that µn_seed is less than 5.0 cm
2
/(V·s), because we 

expect that the change of τSRH_wire resulting from the seeding layer growth temperature is significant and 

might be around 1 ns or so. A complete table that lists the simulated τn as a function of material properties 

is given in the ESI.†  

Based on these assumptions, we suggest values for each material property, as listed in Table 1.  

Fig. 7 illustrates the simulated TRPL curves that fit experiments (in Fig. 2) by using suggested values 

listed in Table 1. It is clear that the measured τn shows a strong dependancy on not only one but several 

recombination mechanisms. Since the carrier mobilities and radiative recombination rate are kept fixed 

for Samples B to D, we can safely assume that the radiative recombination lifetimes of those samples are 

approximately the same. As a result, the major recombination mechanisms that lead to the change of τn 
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are all attributed to nonradiative recombinations due to trap/defect states at GaAs-Si heterointerfaces and 

AlGaAs-GaAs surfaces, and within nanowire. Further, the probabliliby of carriers being recombined also 

depends on the actual 3-D geometry of nanowire. Thus, we demonstrate here that the lifetime and 

material properties of a 3-D nanowire are certainly intercorrelated instead of in a simple one-to-one 

correlation. 

3-D carrier dynamics 

The temporal and spatial information of electron distribution provides a further insight into carrier 

motions and the recombination mechnisms of 3-D nanostructures. Thus, our final step is to show the 

capability of mapping real-time carrier dynamics using the 3-D  transient model. The simulated spatial 

distributions of electrons at different points of time, i.e., 30 ps, 60 ps, 100 ps, 300 ps, 600 ps, and 1000 ps, 

for Samples B through D are illustrated in Fig. 7. At the intial stage, the density of photogenerated 

minority carriers keeps increasing when the samples are exposed under laser pulses from 10 ps to 60 ps. 

Then, from 60 ps to 1000 ps, electrons in the nanowire segments start to diffuse either toward the top or 

downward to the GaAs-Si heterointerfaces, while the density of electrons decreases due to nonradiative 

recombination within the nanowires or at the interfaces. Similarly, electrons in the Si substrate diffuse 

toward Si-SiNx and GaAs-Si interfaces and are then recombined. It is obvious that, starting from 100 ps, 

the electron density inside the nanowire of Sample C is larger than that of Samples B and D, which is due 

to a longer τSRH. We also note that the electron density close to the GaAs-Si heterointerface decreases with 

increasing Sn from Sample C to Samples B and D. Due to the intrinsic large surface-to-volume ratio for 

nanowires, τn would be largely affected by aspects of the nanowire itself rather than the nanowire-subtrate 

heterointerface, unless the recombination in the GaAs seeding layer or at the GaAs-Si heterointerface is 

dominant, which would surpass the recombination along the nanowire sidewalls. Another possible 

approach to make recombination at the GaAs-Si heterointerface more significant is to properly design the 

patterns of nanowire array or nanowire dimensions, which would result in optical generation mostly close 

to the heterointerfaces.  
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Conclusions 

In summary, we investigated the feasibility of unveiling carrier dynamics of 3-D nanostructures using 

TRPL measurements combined with a 3-D computational transient model. Our goal, as emphasized 

throughout the study, is to provide a theoretical foundation to concurrently extract multiple material 

properties by fitting measured TRPL curves. The motivation for the numerical model is that the 3-D 

geometries of nanostructures result in more complicated mechanisms of carrier recombination than those 

in thin films and analytical solutions cannot be simply found. Without losing generality, we considered 

three material properties as variables, i.e., carrier mobility, SRH nonradiative recombination lifetime, and 

surface recombination velocity at heterointerfaces. To valid the model, we grew p-type GaAs nanowires 

on p-type Si by SA-MOCVD, and then fit the TRPL curves by tuning material properties. We observed 

that the seeding layers grown at different temperatures resulted in different material properties for 

nanowires, seeding layers, and GaAs-Si heterointerfaces.  Finally, we suggested fitting values for material 

properties based on a complete set of transient simulations, and further interpreted the carrier dynamics by 

mapping spatial and temporal electron distributions. We believe the presented theoretical and 

experimental work will stimulate more validating studies to reveal the hidden power of TRPL for 

fundamental research on nanowires and nanostructured materials.  
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†Electronic Supplementary Information (ESI) 

Additional information related to the experiments and simulations.  
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Fig. 1 Schematic diagram of simulation process composed of three major steps: (1) model setup, (2) 

optical simulation, and (3) electrical transient simulation. 
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Fig. 2 The TRPL curves of Samples A to E at 300 K. The seeding layer growth temperatures of these 

three samples are 450°C, 550°C, 600°C, 620°C and 650°C, respectively. In the inset, the extracted 

lifetimes of Samples A to E are all given. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 23 of 31 Nanoscale



24 

 

 

Fig. 3 (a) An as-grown 50 × 50 µm
2
 array with extremely high uniformity. The GaAs seeding layer was 

grown at 600°C. The close-up image of nanowire array is shown on the right. (b) Cross-sectional TEM 

image of GaAs nanowires with GaAs seeding layer grown at 600 °C. The two zoom-in images in the 

center show the nanowire segment and the trapezoid-shaped seeding layer. The further close-up detail of 

GaAs-Si interface is shown in the image on the right. (c) The cross-section of 3-D model showing the 

close-up of GaAs seeding layer and an energy-band diagram of GaAs-Si heterointerface. The interface 

states are illustrated. 
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Fig. 4 FDTD simulation showing optical generation under top illumination at 633 nm with an incident 

power of 178 W/cm
2
. 
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Fig. 5 Determining electron mobility of GaAs nanowire µn_wire. (a) Contour plot of simulated minority 

carrier lifetime τn as a function of µn_wire (10 – 500 cm
2
/[V·s]) and Sn_hetero (10

0
 – 10

6
 cm/s). selective-area 

GaAs nanowires on Si for minority carrier lifetime simulation. Three contour lines correspond to the 

measured lifetime of Samples B to D: 0.73 ns, 1.25 ns, and 0.84 ns, respectively. (b) Simulated TRPL 

spectra at room temperature with different µwire of 10 cm
2
/(V·s), 25 cm

2
/(V·s), 50 cm

2
/(V·s), and 75 

cm
2
/(V·s), which correspond to τn of 2.04 ns, 1.47 ns, 0.89 ns, and 0.55 ns, respectively. The values of 

other material properties used in the simulation are given: µn_seed = 0.1× µn_wire, τSRH_wire = 5 ns, and 

τSRH_wire = 1 ns. 
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Fig. 6 The relation of minority carrier lifetime τn with other four material properties µn_seed, τSRH_wire, 

τSRH_seed, and Sn_hetero. (a) 3-D contour plots of simulated τn as a function of τSRH_wire (1 – 5 ns), τSRH_seed (0.1 

– 1 ns), and Sn_hetero (10
0
 – 10

6
 cm/s). The electron mobility of seeding layer µn_seed (0.5 – 10.0 cm

2
/[V·s)) is 

fixed for each plot. (b) Box charts summarizing all possible values of τn as a function of τSRH_wire based on 

(a). Each box shows a range of τn by varying seeding layer properties τSRH_seed (0.1 – 1 ns) and Sn_hetero 

(10
0
 – 10

6
 cm/s). 
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Fig. 7 Simulated TRPL spectra at room temperature with fitting values listed in Table 1. 
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Fig. 8 Simulated spatial distribution of electrons at different points of time – 30 ps, 60 ps, 100 ps, 300 ps, 

600 ps, and 1000 ps, respectively. 
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Table 1 Suggested fitting values of material properties for Sample B, Sample C, and Sample D 

Sample TSeed 

[°C] 

τn 

[ns] 

µn_wire  

[cm
2
/(V·s)] 

µn_seed  

[cm
2
/(V·s)] 

τSRH_wire  

[ns] 

τSRH_seed  

[ns] 

Sn 

[cm/s] 

B 

C 

D 

550 

600 

625 

0.73 

1.25 

0.84 

25 

25 

25 

1 

1 

1 

1.5 

2.5 

1.4 

0.2 

0.3 

0.1 

1×10
5
 

1×10
2
 

1×10
4
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